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ABSTRACT
Proton pumping mechanism in Cytochrome c Oxidase
by
Xiuhong Cai

Advisor: Marilyn Gunner
Cytochrome c Oxidase (CcO), is the terminal electron acceptor in the membrane bound aerobic
respiratory chain. It reduces O2 to water. The energy released by this reaction is stored by pumping
protons from the high pH, N-side of the membrane to the low pH, P-side. The generated proton
gradient provides the motive force for synthesis of ATP by the ATP synthase.

Building a proton gradient across the membrane requires that proton transport must occur along
controllable proton pathways to prevent proton leakage to the N-side. It has been suggested that
CcO function requires proton transfer channels in both the N- and P-sides of CcO, a connection
between them that can be open and closed, and a proton loading sites (PLS) on the P-side to hold
protons transiently. In this way, a proton is transferred into the protein through N-side proton
channels and is held in the PLS for enough time to allow the P-side proton pathways to open and
release the protons to P-side of the membrane. The A-type CcO has well established D- and Kchannels to transport protons to the Binuclear Center (BNC), where the O2 reduction happens, and
to the PLS. The PLS in A-type CcO has been suggested to be a cluster near the propionic acids of
heme a3. However, because of the complexity of the buried hydrogen bond network on the P-side,
the identity of the groups in the proton exit pathway remained a mystery.
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In this thesis, Multi-Conformation Continuum Electrostatics (MCCE), combined with Molecular
Dynamics (MD), is applied on CcO to identify the proton exit pathway on the P-side in A-type
CcO and to identify the PLS in B-type CcO and characterize proton loading/unloading mechanism.
MCCE samples the water locations, polar proton positions and residue protonation states using MD
snapshots and crystal structures as input. It identified a water-mediated hydrogen bond network in
the A-type CcO. The inter-connections between the clusters was found to change with the redox
state of the input structure revealing a complete, controllable proton transport pathway in A type
CcO. A water filled cavity near Glu286 at the end of the D-channel changes hydration and thus the
connection between N- and P-side channels in structures prepared in different redox states. The
proton exit pathway, located on the P-side beyond the PLS, has key residues including His93,
Thr100 and Asn96. A water wire in a cavity centered near Thr100, can be interrupted by a
hydrophobic pair Leu225B and Ile99, which may open and close the proton exit pathway of A-type
CcO.

MCCE simulation on MD trajectories and crystal structures of B-type CcO, monitored the
protonation change in different imposed redox states. The PLS is identified by monitoring residues
that change protonation during this redox cycle. Six residues are identified as the PLS: the heme a3
propionic acids, Asp287, Asp372, His376 and Glu126B. The analysis of the ionization state
change in 136 crystal structures and trajectory snapshots suggests that there are four states for the
PLS in B-type CcO: active loaded and unloaded states, in which the PLS can release and bind
protons through the reaction cycle; and the locked, loaded and unloaded states, which are trapped
in one protonation state. The active PLS has one proton on Asp372 and one proton that can be
bound to and released from PRAa3, the propionic acid of heme a3. The locked loaded state of PLS
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instead has one proton on Asp372 and one proton on His376. The transition of the PLS states
correlates with the changes in the hydrogen bonds amongst Asp372, His376 and PRAa3.
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CHAPTER ONE
Introduction
1.1 The aerobic respiratory electron transfer chain
Cells need energy to survive and most of the energy comes from the ATP synthesized by the
F0/F1 ATP synthase. The proton motive force used by ATP synthase for production of ATP is
provided by the proton gradient across the inner membrane of bacterial or mitochondrial
membranes, which is maintaining by the aerobic electron transfer chain. The respiratory electron
chain contains four respiratory enzyme complexes [1]: complex I (NADH:UQ oxidoreductase),
complex II (succinate: UQ oxidoreductase), complex III (cytochrome bc1 complex) and complex
IV (cytochrome c oxidase). These are arranged in specific orientation relative to the inside and
outside of inner membrane [1]. The four complexes release energy by a sequence of electron
transport reactions. Each protein (except complex II) stores the release energy by pumping the
protons across the membrane to generate the proton gradient. The overall reaction in the aerobic
respiratory chain is oxidation of NADH to NAD+, oxidation of succinate to fumarate and
reduction of oxygen to water with ubiquinone (Q) and cytochrome c as mobile electron carrier.
The result electrochemical gradient enables another complex, ATP synthase, to synthesize the
energy carrier ATP using the releases as protons flow back downhill across the the membrane
embedded protein [1].

Complex I (NADH: UQ oxidoreductase) is the largest complex of the four complexes [1]. It
transfers electrons from NADH, via FMN, through a linear series of Fe-S centers to ubiquinone
(Q), coupling with proton pumping activities with a ratio 4H+/2e- in this process [2]. In complex
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II, electrons from succinate are used to reduce ubiquinone (Q) to ubiquinol (QH2), with fumarate
as the oxidized product, serving as a parallel electron transfer pathway to complex I. In complex
III, there are two sites Q0 and Qi sites. At Q0 site, two molecules of QH2 are oxidized to Q. This
process passes two electrons to two molecules of cytochrome c, a mobile soluble electron carrier
in the intermembrane space. In addition, it delivers two electrons to the Qi site to reversely
reduce one molecule Q to QH2. Therefore, there are total six protons added to the proton gradient
in complex III, where 2 protons are bound in the Qi site and 4 protons are released to
intermembrane space. Finally, electrons on cytochrome c are passed to complex IV, which is
also named Cytochrome c Oxidase, to reduce O2 to water. Meanwhile 8 protons are pumped to
the reaction center, where 4 protons are for reduction of O2, and another 4 are pumped across the
membrane. The proton gradient generated by all the four complexes, is utilized by complex V,
the ATP synthase to generate ATP. In this way, the chemical energy is stored in ATP, which
powers most cellular reactions.
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Figure 1. 1 The electron transfer chain is located in the inner membrane and CcO is the fourth
complex (Complex IV) in the respiratory electron transfer chain. It reduces O2 to water taking
electrons from cytochrome c on the P-side of the membrane. Meanwhile, it pumps protons from
N-side to P-side across the membrane. The protons in the P-side flow back downhill to the Nside through the ATP synthesis.

1.2 The role of Cytochrome c Oxidase in the respiratory chain
Cytochrome c Oxidase (CcO, Complex IV) is the terminal electron acceptor in the aerobic
respiratory chain, reducing O2 to water releasing ~12.7 kcal/mol per electron [3]. It is found in
bacterial and mitochondrial membranes. The released free energy is stored by pumping protons
through the protein from the N- (negative potential, high pH) to the P- (positive potential, low
pH) side of a cell or mitochondrial membrane, maintaining the transmembrane electrochemical
gradient.
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Cytochrome c Oxidase is a member of the heme-copper oxidase superfamily. The proteins in the
Heme-copper oxidase (HCuOs) superfamily all have an active site that contains a heme and a
copper ion as the catalytic Binuclear site (BNC) where oxygen is reduced to two waters, as well
as an additional low-spin heme participating in electron transport to the BNC [4]. The CcO
superfamily are classified into three major subfamilies denoted A-type, B-type, C-type [4–6].
The A-type CcOs present in eukaryotes and bacteria are most well known [4]. B- and C-type
CcO are found in archaea and bacteria that live at lower oxygen levels [5,7]. Therefore, B- and
C-type CcO both have a higher oxygen affinity than the A-type isoform [8]. The different classes
differ in the nature of the active site hemes (heme a, b, or c). The bacterial NO-reductases
(cNOR, qNOR), are proteins that share many features of CcO. They use cytochrome c or quinol
electron as the electron donor, reducing NO to N2O instead of O2 to water, but they do not pump
protons [9].

The main redox reaction in all CcOs is the reduction of O2. The reaction is
,

(1.1)

were η is the number of protons moved from the N- to P-side of the membrane
(pumped)/electron [4].

The A-type CcO (aa3) contains a low-spin heme a, a high-spin heme a3 and a copper ion. The
heme a3 and the copper ion combine to form the Binuclear center (BNC), where the reduction of
oxygen occurs. Additionally, there is a redox cofactor CuA, which contains two coppers, bound
to subunit II. CuA accepts the electrons donated from soluble cytochrome c and transfers the
electrons to BNC via heme a.
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The best studied B-type CcO is the ba3 oxidase from Thermus thermophilus. Instead of heme a,
it has heme b as the electron acceptor from CuA. In C-type CcO (cbb3), heme c substitutes CuA,
which transfers electron to heme b, then to heme b3.

Different classes of CcOs also differ in the number of N-side proton pumping pathways (one or
two) and the number of protons pumped/electron (η). The number of protons/electron, η, is ≈1
for A-type CcO [10–13] while it is ≈0.5 for the B and C type CcO .
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Figure 1. 2 Schematic figure (A) A-type CcO (B) B-type CcO. The BNC where reduction of O2
happens consists of heme a3, CuB cross-linked with Tyrosine. The electron is transfer to BNC
from Cytochrome c, via CuA and heme a (heme b in B-type CcO). In the N-side, there are Dand K-channels involving proton transport in A-type CcO, while there is only K-analogue
channel in B-type CcO. PLS where proton is held transiently is in a region above BNC.
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1.3 Redox cycle of Cytochrome c Oxidase
As CcO reduces O2 to water in the Binuclear center (BNC), protons are pumped to the BNC for
production of H2O and to the P-side of the membrane. With each reduction of the BNC, one
proton is delivered to the BNC from the N-side and protonate the produce water bound in the
active site.

There are 4 distinct redox states of the BNC denoted R/P, F, O and E [16–18]. R (Fea3II, CuBI,
Tyr-OH), is the most reduced state of the BNC which is converted to P, the most oxidized BNC,
when 4 electrons are donated to reduce O2. The R to P transition requires no additional electrons.
F (Fea3IV=O=, CuBII-H2O, Tyr-O-), O ( Fea3III-OH-, CuBII-OH-, Tyr-OH) and E (Fea3III-OH-, CuBI,
Tyr-OH) are formed by sequential BNC reduction [16,18] (Figure 1.3). Protons are transferred
(pumped) across the protein coupled with redox changes in heme a (or b in the ba3 CcO) and in
the BNC as well as by the addition of a proton to the BNC. In the A-type CcO one proton is
pumped for each reduction of the BNC. In the B-type CcO only 2 protons are pumps in the fourelectron redox cycle. It is unknown if protons are only pumped on 2 of the 4 reductions steps or
if the stoichiometry for each step is less than 1.
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Figure 1. 3 redox cycle of CcO. O2 is bound to heme a3 at R state to form A state. BNC in A state
is oxidized to PR or PM state. F, O and E states are generated by subsequent reduction of the BNC
and protonation of the product water bound to heme a3 or CuB.

1.4 Proton transfer channels and the proton loading sites
Because there is a proton gradient across the membrane, proton pathways are needed on both the
two sides of the CcO, creating a system where the transfer pathway can be broken to prevent
proton leakage from the P- to the N-side. The proton loading site (PLS) is suggested to load a
proton transiently, during proton transports from N-side to P-side allowing for the protein to
change connections from the N-side for proton uptake to the P-side for proton release.
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From the reaction cycle, we can see that the proton transfer must be coupled to the redox state of
the BNC. The proton transport in CcO needs proton transfer channels. Protons are transferred via
water molecules and polar side chains that are transiently protonated and deprotonated. It is
proposed that protons are transfer by Grotthuss mechanism, whereby protons tunnel from one to
the next via hydrogen bonding of water molecules or other hydrogen-bonded residues [19].

There are two proton transport channels, denoted the D- and K-channels, in A-type CcO within
the N-side of the protein [4,20]. The D-channel is named after its endpoint, Glu286, which is
~10Å away from CuB in the BNC. The K-channel is named after the conserved amino acid
Lys362 in the middle of the channel. The K-channel ends with Tyr288, which is covalently
linked to a Histidine ligand of CuB in the BNC. It is suggested that the D-channel transports two
of the four chemical protons, to be added to oxygen in the BNC, and all four protons pumped to
the P-side. The K-channel provides chemical protons to the BNC during the O to E and E to R
transitions [16].

For B-type and C-type CcO, mutational analysis has shown there is only one channel analogous
to the K channel in A-type CcO. This K-analogue channel starts with a Glutamic acid and end
with a Tyrosine as found in A-type CcO. Therefore, the K-analogue channel in B- and C-type
must carry out the transports of both chemical protons and pumping protons.

In all types of CcO, there is an extended group of buried charged and polar residues on the P-side
of the BNC that interconnected by hydrogen bonds that is proposed to include the PLS.
However, there is no well-defined proton pathway on the P-side. Rather, there are many charged
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and polar surface residues that could serve as proton outlets. This complexity makes it hard to
find out where the proton exit pathway is. In addition, without out a single pathway it appears
harder to block protons entering from the P-side. Earlier studies suggested that a pathway via
Lys171B/Asp173B is the most promising candidate for the proton exit pathway in the P-side in
bovine [21]. An H-channel, leading from the matrix to intermembrane space, was proposed
based on bovine structure [22,23]. However, mutations of the analogous residues made in Rb.
sphaeroides [24] and yeast [25] CcO do not support the H-channel being required. Water
molecules as the proton exit pathway has also been investigated [26]. Therefore, an agreed upon
proton exit pathway had not been established. This is one question that will be addressed in this
thesis.

The PLS in CcO is found on the P-side of heme b and the BNC, which lies near the middle of the
protein. The PLS functions to accept protons transported from the N-side and then release
protons to the P-side. It needs to load proton transiently, which means the residues making up the
PLS should have proton affinity that changes varied through the redox cycle. For proton loading
the effective pKa of the PLS should be above the pH on the N-side, while it needs to be below
the pH on the P-side for proton release.

In A-type CcO, the PLS has been proposed to be a propionic acid , a Histidine ligand to CuB
[31–35], a hydronium stabilized by fully ionized propionic acids [36]. Here we will assume the
PLS is distributed amongst several propionic acids [17] based on the Multi-conformation
Continuum Electrostatics (MCCE) simulations combined with Molecular Dynamics, which
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found the residues that change the proton affinity with imposed redox state change of BNC and
other key cofactors.

In the B-type CcO, the propionate A of heme a3 and nearby residues have been suggested to be
the PLS [37–42]. Asp372, His376, Asp287 [39], a conserved water molecule between
propionates A and D of heme a3 [38,39,43] or a water-dimer near the CuB site in the BNC [44].

1.5 Current work
In this thesis, proton pumping mechanisms of A- and B-type Cytochrome c Oxidase are studied.
Molecular Dynamics (MD) simulations starting with crystal structure of A- and B-type CcO are
prepared in different redox state to simulate different redox level of CcO by our collaborators in
the laboratory of Q. Cui [17,28,45]. Then MCCE simulations are run on snapshots from the
different MD trajectories. The hydrogen bonds and protonation states in microstates of
Boltzmann distribution generated in MCCE simulation are categorized to identify residues that
change protonation states and the connectivity of hydrogen bonded networks.

The first project analyzes the proton exit pathway in A-type Rb. sphaeroides CcO, using
hydrogen bond network analysis in MCCE. Here the Boltzmann distribution of hydrogen bonds
is generated. The input structures are derived from Molecular Dynamics trajectories run in
different redox and protonation states. In the simulated hydrogen bond network, a highly
connected cluster is found above the BNC in all structures. This always includes the residues
that have been proposed as the PLS. However, this large cluster is not directly connected to the
surface. Another smaller P-side cluster links the PLS and surface residues in the P-side through
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hydrogen bonds coupling with limited water molecules. This cluster is proposed to be the proton
exit pathway of A-type CcO.

Pathways in pumps need to be able to be broken to prevent protons flowing downhill. Cavities
between the clusters are found to control the connections. The Glu286 cavity which was found a
previous study [28] can control the proton transfer between the D-channel and the PLS. A P-exit
cavity can be bisected by Ile99 and Leu225B hydrophobic pair that lie between the PLS and the
proton exit pathway. The water connections in this cavity may act to control the proton outlet.
The proton exit connections are found to have different probabilities of being broken and
connected in different redox state of BNC, which supports this being the real proton exit pathway
in A-type CcO.

The second project identified the proton loading site in B-type CcO. The methodology was
similar to that applied to the A-type CcO to characterize the PLS [17]. The proton affinity
changes with the redox and protonation states of heme b and the BNC, revealing the residues
making up the PLS. The PLS of B-type CcO is in a similar position to found in the A-type CcO.
Six residues: the propionic acids of heme a3, Asp287, Asp372, His376 and Glu126B, are found
to couple together to form the PLS in B-type CcO. Moreover, it is found that when PLS is
loaded, the PLS cluster has two protons, while the unloaded PLS has one proton. The default
protonation for a cluster of Asp, Glu and His (taking the protonation in water) would have no
protons bound at pH 7. However, the MCCE calculations do not support this as the unloaded
state.
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The calculations lead to the conclusion that there are two different loaded and two unloaded
protonation states, one is a locked state, the other is active state. A PLS in a locked state cannot
load or release the proton while a PLS in active state can actively load or release proton triggered
by changes in the BNC. States are locked when the free energy difference between the loaded
and unloaded protonation states are too large to be controlled by the changes in electrostatic
potential from heme b and the BNC. It is proposed that PLS with a proton on PRAa3 is a locked
unloaded state, while one with a proton on Asp372 is an active unloaded state. PLS with two
protons on PRAa3 and Asp372 is active while with protons on Asp372 and His376 is locked. This
plausible mechanism can perfectly explain how PLS carry out the function to load a proton and
not lose it while the water connections are remade to ensure the proton is not unloaded back to
the N-side.
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CHAPTER TWO
Method
2.1 Molecular Dynamics simulations1
Initial protein coordinates are obtained from the crystal structure of Rb. sphaeroides CcO (PDB
code 1M56) [46] for A type CcO and of Thermus Thermophilus CcO (PDB code 3S8F) [47].
Molecular Dynamics (MD) simulations are prepared at different redox/protonation states.

For A-type CcO, the MD simulation protocols are carried out as described in reference [28,17],
except that the current simulations are at a lower temperature of 303 K instead of 323 K and use
POPC/POPE instead of DPPC/POPE because the DPPC is in gel phase at room temperature.
This change reflects the advancement of lipid modeling in MD, which allowed a more realistic
lipid mixture to stay in a dynamic state at room temperature. All four subunits of the protein are
embedded in pre-equilibrated POPC membrane. Water and lipid molecules from the crystal
structure are retained, and 9 waters are added to the core cavity region (5 waters) and near
Glu286 (4 waters) based on the Grand Canonical Monte Carlo simulation described in reference
[48]. The system is solvated with water and KCl ions to keep the system charge neutral and at
physiological ion concentration. The resulting system contains 17,700 protein atoms, 302 POPC
molecules, 6 POPE molecules, 116 K+ and 107 Cl- and ≈40,000 water molecules in a 114 x 114
x 138 Å rectangular box. Waters are modeled with TIP3P parameters, the enzyme is modeled
using CHARMM22 all-atom force field [49,50] with CMAP correction [50] and the lipids are

1

The Molecular Dynamics calculations were processed Dr. Chang Yun Son in Prof. Qiang Cui’s group in
University of Boston, Boston.
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modeled using the CHARMM36 force field [51]. The atomic partial charge parameters for the
cofactors are taken from Johansson et al [52]. GROMACS version 4.6.5 [53] was used to
perform the simulations. The electrostatic interactions are calculated with the particle mesh
Ewald (PME) method [54], and the van der Waals interactions are switched to zero between 10
Å and 12 Å. All bonds involving hydrogen are constrained with the LINCS algorithm [55]. The
Nosé-Hoover [56,57] thermostat and Parrinello-Rahman [58] barostat are used to keep the
system temperature and pressure at 303 K and 1 atm, respectively.

Trajectories are collected in three protonation substates of the CcO PR state, called EPa3-, E-Pa3
and EPa3. The name provides the ionization of E286 and the propionate A of heme a3 (PRAa3)
(Table 2.1). The negative superscript indicates the residue is deprotonated and no superscript
indicates the group is protonated and thus neutral. Thus, the EPa3- substate has all four propionic
acids deprotonated and Glu286 protonated. Titratable residues are modeled in the protonation
states suggested by previous MCCE calculations [59]. Glu286, Lys362, Asp407, Lys442 of
subunit I, Glu90, Glu185 and Asp251 of subunit III are neutral while all other Glu, Asp, Arg and
Lys residues are ionized. His67, Tyr288, His534 of subunit I, Cys252 and Cys256 of subunit II
and His37, His132 and His188 of subunit III are ionized and all the other His, Tyr and Cys are
neutral. In previous simulations by Lu et al [17], the summed proton binding of the residues in
the Protein Loading Site (PLS) on the P-side of the protein, decreases moving from E-Pa3 to EPa3to EPa3 substates (designated in Lu et al as F1, F2 and F4 ). All four propionic acids are ionized
in the EPa3- MD trajectory, while the PRAa3 is protonated in the E-Pa3 and EPa3. Protonation of
PRAa3 is strongly correlated with an open the Glu286 cavity.

14

Table 2. 1 Protonation and redox states of residues fixed in MD trajectories and MCCE
simulations of EPa3- , E-Pa3 and EPa3 substates.
EPa3-*

Substate
Method

E-Pa3

EPa3

MD

MCCE

MD

MCCE

MD

MCCE

deprotonated

free

deprotonated

free

deprotonated

free

deprotonated

free

deprotonated

free

deprotonated

free

deprotonated

free

protonated

free

protonated

free

deprotonated

free

deprotonated

free

deprotonated

free

protonated

protonated

deprotonated

deprotonated

protonated

protonated

PRA of heme
a
PRD of heme
a
PRA of heme
a3
PRD of heme
a3
E286
heme a

oxidized

CuA

oxidized

heme a3

Fe(IV)=O2-

CuB

Cu(II)-OH-

TYR288

deprotonated (TyrO-)

Mg

Mg2+

Ca

Ca2+

*MCCE calculations of the X-ray structures use the protonation assignments for the E-Pa3
substate.
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For B-type CcO analysis, the states were initially chosen given the proposed reaction cycle
where the P to F transition is coupled to proton pumped from N-side to the PLS [60]. Therefore,
CcO was simulated with and without protons on Propionic acid A of heme a3 or Asp372. In
addition, CcO with two protons, on Asp372 and His376, was prepared, as MCCE analysis
showed this to be the preferred proton location of the crystal structures. Another trajectory with
two protons on Asp372 and PRAa3 was prepared for comparison with one having protons on
Asp372 and His376, because MCCE simulation show the PLS in this protonation state is in
active loaded state instead locked loaded state. The MD simulation protocols are carried out as
described previously [45], similar to the A-type CcO MD simulation described above.

In both A- and B-type CcO MD simulation, each MD system is energy minimized and
equilibrated for 1 ns, then subjected to 50 ns of unrestrained MD simulation. This method
assumes that once protein finds itself in a particular redox and protonation state that it will
rapidly relax into a conformation that it should have in that state. The substate transition in CcO
lasts for microsecond to millisecond timescale [60].

Table 2. 2 Redox and protonation states prepared for MD simulation
Trajectory

State

Designation

Details

1

FeMS0

P3

PRAa3- , CuB(II)-OH-

2

FeMS2

P3 ’

PRAa3H, CuB(II)-OH-

3

F+eMS0

F3

PRAa3-, CuB(II)-H2O
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4

F+eMS2

F3 ’

PRAa3H, CuB(II)-H2O

5

F+eMS5

F3’’

D372H, CuB(II)-H2O

6

F+eMS14

F3’’’*

PRAa3H, D372H, CuB(II)-H2O

7

F+eMS16

F3’’’

H376H, D372H, CuB(II)-H2O

All trajectories have Ferryl (Fe (IV)) heme a3 with an O2- ligand, with Heme b reduced and
Tyr237 ionized. State connects the trajectories to the closest MCCE substate (Figure 2.1).
Designation refers to the trajectory designation in earlier work that defined the MD running
conditions [60]. P3 has CuB(II)-OH- and a reduced heme b, which occurs before the Fe substate,
thus before heme b is oxidized, while F3 has a proton added to the ligand on CuB. All trajectories
are 50 ns long. MS0 has no proton on any of the six PLS residues (charge -5): MS2 has a single
proton on PRAa3 while MS5 has a single proton on Asp372; MS14 PLS has two protons, one on
PRAa3 and Asp372; in MS16 His376 and Asp372 are protonated.

2.2 Multi-conformation Continuum Electrostatics simulations
2.2.1 MCCE Calculations on A-type CcO
The MCCE calculations and subsequent hydrogen bond network analysis is performed on the
crystal structures of Rb. sphaeroides CcO (PDB code: 1M56 [46] and 2GSM [61]) as well as on
eleven snapshots extracted at different time points (0ns, 3.5ns, 7ns, 10.5ns, 14ns, 20ns, 26ns,
32ns, 38ns, 44ns and 50ns) from each of the three MD trajectories.

MCCE calculations are carried out as described previously [28,17,62]. For simplicity, only
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subunits I and II (the core polypeptides) are retained for MCCE analysis. All solvent exposed
water molecules and ions with >5% solvent accessible area in the input structure are deleted and
replaced with continuum solvent [62]. Buried waters are retained. These can move out of the
protein into solution as MCCE incorporates Grand Canonical Monte Carlo sampling for waters
and ions [63,64]. GCMC retains 64±2% of the MD waters, perhaps because there is a larger
effective van der Waals repulsion in the MCCE force field [65]. The protein dielectric constant is
4. A 35 Å slab of material with a dielectric constant of 4 is added with IPECE [64] to exclude
water (with e=80) around the portion of the protein buried in the membrane. Heme a, a3, CuA and
CuB are each combined with their amino acids ligand side chains to form a unified cofactor in
MCCE [59,66]. Ca2+ and Mg2+ are retained as ions buried in protein. The partial charge
distribution for the ferryl heme a3 is provided in reference [17].

In MCCE calculations, the residue backbone is fixed but the side chains can have various predefined degrees of freedom [62]. Here conformers of residues and ligands sample isosteric
degrees of freedom. This allows the hydrogen bond networks to be explored while the C, N and
O are retained in positions close to that found in the input MD snapshot or PDB structure. Thus,
hydroxyl protons can sit in each torsion minima and in positions that can hydrogen bond to all
groups in the neighborhood, both tautomers of neutral His are allowed and Asn and Gln isosteric
rotamers are made by swapping O and N atom in side chain to switch proton donor and acceptor.
Conformer pairs with heavy atom clashes are optimized with 2 cycles of heavy atom relaxation.
Approximately 24 to 42 million microstates were generated for each MD snapshot input
structure.
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MCCE allows the protonation state of all groups with the exceptions of key cofactors and
Glu286 to come to equilibrium at pH 7. All 4 Propionic groups are free to titrate. The MCCE
analysis of snapshots show: in the EPa3- trajectory PRDa is 5% protonated; in the E-Pa3 trajectory
the PRAa3 and PRDa3 are 20% and 32% protonated; in the EPa3 trajectory the PRAa3 and PRDa3
are 15% and 20% protonated. All other propionic acids are >99.9% ionized. The crystal
structures 1M56 and 2GSM, have all propionic groups fully ionized.

2.2.2 Hydrogen Bond Network Analysis on A-type CcO
The MCCE calculations use MC sampling to generate the Boltzmann distribution of hydrogen
bond networks given backbone and side-chain carbon and buried water oxygen positions from
the MD trajectory or crystal structures[64]. The methods and parameters used have been
previously applied to CcO [17,28,59]. Thus, residue ionization states, polar proton positions, His
tautomers and water occupancies are equilibrated given fixed side chain positions (referred to as
isosteric sampling [64]). Surface waters with >5% solvent accessibility in the input structure are
removed and replaced with continuum solvent. All buried water oxygens are given 20-100
different proton positions and they undergo Grand Canonical MC sampling; the use of Grand
Canonical sampling makes the results less dependent on the water occupancy in the MD
snapshots. Hydrogen bond donors and acceptors are defined for each residue ionization state
(Table 2.3). A hydrogen bond has a donor hydrogen-acceptor distance between 1.2 Å and 3.2 Å,
and angle between donor D-H and acceptor >90°.

MC sampling of each snapshot evaluates 24 to 42 million microstates. A water mediated
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connection is counted if positions that can form a hydrogen bond between residues are chosen in
> 0.1% of the microstates in a given snapshot. The analysis allows waters to connect residues or
ligands. The default networks allow as many as 4 waters to bridge a connection. Connections in
different snapshots are often made via different waters. The connections made for individual
snapshots in a trajectory are merged for the final analysis. This initial analysis is quite
permissive, as the connecting orientations of adjacent groups need not be found in the same
microstate. The key paths between PLS and the P-surface are verified by following the shortest
continuously hydrogen-bonded path between a defined beginning and ending residue, to
establish that proposed paths are indeed found as continuous hydrogen bonded paths in
individual microstates.

Table 2. 3 Hydrogen bond donor/acceptor definitions used in this study.
Donor

Acceptor

Donor and Acceptor
HOH(neutral)

ARG (ionized)

ARG (neutral)

HIS (ionized)

HIS (neutral)

LYS (ionized)

LYS (neutral)
ASP (ionized)

ASP (neutral)

GLU (ionized)

GLU (neutral)

TYR (ionized)

TYR (neutral)
SER
THR
ASN
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GLN
TRP
PRA (ionized)

PRA (neutral)

PRD (ionized)

PRD (neutral)

TYR288 (ionized)

TRY288(neutral)

heme a3=O2-

CuB-OH-

Residues are defined as hydrogen bond donors and/or acceptors based on their protonation states.
heme a3, CuB and Tyr288 make up the Binuclear Center (BNC).

2.2.3 MCCE calculations on B-type CcO
Twelve crystal structures of the ba3 CcO from Thermus Thermophilus (PDB codes: 1EHK,
1XME, 3EH3, 3EH4, 3EH5, 3S3A, 3S3B, 3S3C, 3S3D, 3S8F, 4GP4, 4GP5) [37,47,67–70] from
the Protein Data Bank and MD snapshots at different redox/protonation states (Table 2.2) are
analyzed by MCCE simulation. In the beginning, MD snapshots are selected by their time point
in the trajectory as A-type CcO analysis. To guarantee the diversity of input structures, the
≈3,500 snapshots from the seven MD trajectories were then clustered by the coordinates of the
PLS cluster (propionic acids of heme a3, Asp287, Asp372, His376, Glu126B) using MD
Analysis [71–73] generating 124 clusters. There are 13-24 clusters for each of the 7 trajectories
with from 1 to79 MD snapshots/cluster. One snapshot representing the centroid of each cluster is
chosen for MCCE analysis of the proton pumping behavior.
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Conformational sampling in MCCE simulation was restricted to isosteric side chain
conformations with only the cofactor redox and protonation states imposed for each state in the
reaction cycle (Figure 2.1). Molecular waters are removed and replaced with implicit solvent
[74]. The hydrophobic portion of the lipid bilayer from the MD simulation is retained to serve as
a low dielectric surroundings in MCCE simulations. The membrane was added to the crystal
structure coordinates by alignment to an equilibrium MD snapshot with PyMol. The atomic
charges for CuA, CuB, heme a3 are given in the earlier publications [17,59,66]. Atomic charges
for heme b are calculated using Gaussian version 09 [75]. Approximately 4.5 million steps of
MC sampling are averaged to determine the equilibrated protonation state for each structure in
each defined reaction state.
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Figure 2. 1 The redox cycle of Cytochrome c Oxidase. The redox states of the protein go through
with R-F-O-E states [60], and each transition goes through the one electron transfer to BNC, one
proton transfer to BNC and one electron transfer to heme b.
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CHAPTER THREE
Network Analysis of a proposed exit pathway for protons to the Pside of Cytochrome c Oxidase2
3.1 Abstract
Cytochrome c Oxidase (CcO) reduces O2, the terminal electron acceptor, to water in the aerobic
respiration electron transport chain. The energy released by O2 reductions is stored by removing
eight protons from the high pH, N-side, of the membrane with four used for chemistry in the
active site and four pumped to the low pH, P-side. The proton transfers must occur along
controllable proton pathways that prevent energy dissipating movement towards the N-side. The
CcO N-side has well established D- and K-channels to deliver protons to the protein interior. The
P-side has a buried core of hydrogen-bonded protonatable residues designated the Proton
Loading Site cluster (PLS cluster) and many protonatable residues on the P-side surface,
providing no obvious unique exit. Hydrogen bond pathways were identified in Molecular
Dynamics (MD) trajectories of Rb. sphaeroides CcO prepared in the PR state with the heme a3
propionate and Glu286 in different protonation states. Grand Canonical Monte Carlo sampling
of water locations, polar proton positions and residue protonation states in trajectory snapshots
identify a limited number of water mediated, proton paths from PLS cluster to the surface via a
(P-exit) cluster of residues. Key P-exit residues include His93, Ser168, Thr100 and Asn96. The
hydrogen bonds between PLS cluster and P-exit clusters are mediated by a water wire in a cavity

2

Published in BBA-Bioenergetics. X. Cai, K. Haider, J. Lu, S. Radic, C.Y. Son, Q. Cui, M.R. Gunner, Network
analysis of a proposed exit pathway for protons to the P-side of cytochrome c oxidase, Biochim. Biophys. Acta.
(2018). https://doi.org/10.1016/j.bbabio.2018.05.010.
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centered near Thr100, whose hydration can be interrupted by a hydrophobic pair, Leu255B (near
CuA) and Ile99. Connections between the D channel and PLS via Glu286 is controlled by a
second, variably hydrated cavity.
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3.2 Motivation
Cytochrome c oxidase (CcO) is a proton pump utilizing the chemical energy from the reduction
of O2. The proton gradient it generates is the proton motive force for ATP synthase, the protein
that synthesizes ATP. Thus, the proton pumping of CcO is essential to provide the energy in
aerobic cells. To add to the proton gradient across the membrane Cytochrome c Oxidase needs to
have proton pathways from N- and P-side of the membrane and gates to prevent proton leakage.

The proton translocation on N-side of CcO has been well studied for decades. There are D- and
K-channels seen in the crystal structure, and their importance has been supported by many
experiments that follow changes in the translocate of protons from the N-side of CcO. A water
cavity around Glu286, at the end of the D-channel has been proposed to be the gate to control the
proton translocation to the PLS on the P-side. However, there are plenty of polar and charged
residues located in the P-side of CcO and many mutations of P-side residues did not reveal which
residues are involved in proton translocation through the P-side to the surface. Thus, when I
started my thesis the proton exit pathway of CcO was a mystery.

This chapter, using Multi-Conformer Continuum Electrostatics (MCCE) combined with
Molecular Dynamics (MD), will analyze the potential proton exit pathways on P-side of CcO
and study the gates that control the proton exit from Proton Loading Site (PLS) to P-side. This
study identifies a cluster of residues as proton exit pathway, connecting the PLS to P-side surface
residues, and a water gate near Thr100 can be the gate on the P-side to generate connections
between the PLS and P-side surface when it is hydrated and break the connections when it is
dehydrated.
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3.3 Introduction
Cytochrome c oxidase (CcO) pumps protons from the N- (negative potential, high pH) to the P(positive potential, low pH) side of a cell or mitochondrial membrane. The reaction is fueled by
the reduction of oxygen (O2) to water. In each reaction cycle, four electrons are transferred from
cytochrome c2+ on the P-side to the binuclear center (BNC). The BNC is made up of heme a3,
CuB and a redox active tyrosine near the protein center. With each electron taken up by CcO, one
proton is delivered to the BNC from the N-side and another proton is pumped from N- to P-side.
CcO thus increases the proton electrochemical gradient, providing energy for processes such as
ATP synthesis [76]. The overall reaction is:
O2 + 4CytcP2++ 8HN+ à 2H2O + 4CytcP3+ + 4HP+

(3.1)

where the subscript indicates the P- or N-side. There are 4 distinct redox states of the BNC
denoted R/P, F, O and E. R is the most reduced state of the BNC which is converted to P, the
most oxidized BNC, when 4 electrons are donated to reduce O2. The R to P transition requires no
additional electrons. F, E and R are formed by sequential BNC reduction [18].

Protons travel via waters and polar side chains that are transiently protonated and deprotonated.
The D- and K-channel proton uptake paths, through the generally non-polar N-side of A-type
CcO, are easy to see in crystal structures (Figure 3.1) [4,20]. Their importance has been
established by mutating key residues [76]. The D-channel transports both chemical protons to be
added to oxygen in the BNC and protons to be pumped to the P-side after being transiently
bound in a Proton Loading Site (PLS). The K-channel provides chemical protons to the active
site only during the O to E and E to R transitions [16]. The PLS is a residue or small group of
residues whose proton affinity varies through the pumping cycle, so that one proton is bound
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from the D-channel via Glu286 and released to the P-side once in each of the four CcO redox
states. The PLS has been proposed to be a propionic acid [18,27–31], a His ligand to CuB [31–
35], a hydronium stabilized by fully ionized propionic acids [36] or distributed amongst several
propionic acids [17] (which is assumed here). All of these groups are near each other and will be
seen to be closely connected by water mediated hydrogen bonds.

In contrast to the N-side, there is no well-defined proton pathway on the P-side. Rather a large
group of buried waters, polar and ionizable residues, interconnected by hydrogen bonds in a
region that include all residues that have been proposed as the PLS. In addition, there are many
surface residues that could serve as proton outlets (Figure 3.1). This complexity makes it hard to
see how the thermodynamically favored proton loading from the P-side can be blocked. Earlier
studies suggested potential P-side exit pathways in the related CcOs from different organisms.
Proposed exit sites in bovine CcO, include Lys171B/Asp173B, His24B/Asp25B, Asp51 and
Asp300 [21] (bovine CcO numbering; B indicates subunit II3). Based on the electrostatic
coupling between residues, the Lys171B/Asp173B pathway was considered to be the most
promising candidate. In other studies, membrane potential-induced conformational changes were
suggested to induce formation of a transient proton exit pathway [77]. The H channel leading
from matrix to intermembrane space was proposed based on the bovine structure [22,23].
However, mutations of the analogous residues made in Rb. sphaeroides [24] and yeast [25] CcO
do not support the H channel being required. The role of waters in the proton exit has also been
investigated [26].

3

Lys171B/Asp173 (bovine) is equivalent to Lys227B/Asp229B (Rb. Sphaeroides); Asp25B (bovine) equivalent to
Asp58B (Rb. Sphaeroides); His24B, Asp51, Asp300 in bovine has no corresponding residue in Rb. Sphaeroides.
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Figure 3. 1 Distribution of polar and protonatable residues in Rb. sphaeroides CcO (PDB ID:
1M56). Key residues have their side chains enclosed within mesh surfaces. Blue mesh: D
channel; Yellow mesh: K channel; Red mesh: Buried, extended Proton Loading Site (PLS)
cluster. Green sphere below PLS: CuB in the BNC; Blue spheres: waters around D and K
channels. Green carbon sticks below PLS: heme a3 in the BNC (right), and heme a (left). Sticks
on the top and bottom: Side chains of all surface exposed ionizable and polar residues; in red:
acid; blue: base; green: polar.

The work presented here carries out Grand Canonical Monte Carlo (MC) sampling on Rb.
sphaeroides CcO crystal structures 1M56 and 2GSM and snapshots from MD trajectories
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obtained in the PR state, varying the protonation state of Glu286 and the propionate A of heme a3
(PRAa3) to find hydrogen bonded pathways that are potential P-side proton exit pathways [78].
Network analysis of the hydrogen bonds shows highly interconnected clusters that contain
functional residues such as Asp132 in the D-channel entry[79–83], the PLS propionic
acids[17,29–31,34,84] and the critical Glu286[28,48,85–90] that links the D-channel, the BNC
and PLS. Network analysis identifies an extended, highly internally connected PLS cluster with
~16 residues all buried in the protein. In x-ray crystal structures the PLS cluster is disconnected
from the P-surface or the D-channel. Hydrated cavities are found to open in the MD trajectories
connecting the PLS cluster to the P-surface (P-exit cavity) and to the D-channel (Glu cavity). A
novel, well-defined connection from the PLS propionic acids to the P-side surface via Thr100,
Ser168, Asn96 and His93 is seen. The connection from the PLS depends on the hydration of a
water cavity threading through these residues. The most common mechanism to close this path is
when Ile99 and Leu255B come together, cutting the water chain in the middle. Similarly, a
previously identified, dynamically hydrated cavity connects Glu286 and the PLS cluster when it
is water filled (Glu286 cavity)[28,78]. The Glu286 cavity hydration depends mainly on the
PRDa3 proton state in the MD trajectories[28,78], while the protonation state of Glu286 and
redox state of heme a also make contributions.

3.4 Material and Methods
3.4.1 MCCE Calculations and Hydrogen Bond Analysis
The calculations start with the crystal structure of Rb. sphaeroides (PDB code 1M56) [46], which
was subjected to Molecular Dynamics in the PR state with heme a, CuA, and CuB oxidized with
bound hydroxyl, ferryl heme a3 and deprotonated, reduced Tyr 288. Trajectories are prepared in
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three substates that differ in the protonation state of the propionic acid of heme a3 (PRAa3) and of
Glu286. The trajectories are designated by Glu (E) and propionic acid (Pa3) being neutral or
negative. Thus, EPa3- has all four propionic acids deprotonated and Glu286 protonated. This is
assumed to occur after heme a reduces the BNC prior to the proton translocation to the BNC
[91]. The other two substates are generated from the equilibrated structure of the EPa3- trajectory
after 50ns simulation. One has a deprotonated Glu286 and protonated PRAa3 representing proton
transfer to the PLS (E-Pa3) and the other has both the PRAa3 and Glu286 protonated (EPa3) which
models a system where the PLS retains its proton with Glu286 re-protonated. These substates
were chosen based on earlier work indicating they modify the proton affinity of the PLS,
favoring proton release [17] and that they would change the hydration of a cavity near Glu286
[28]. The MD methods and parameters have been used previously [17,28] and are described
more fully in the supplementary information. MCCE calculations and subsequent hydrogen bond
network analysis are performed on 33 snapshots, with 11 extracted from each of the three MD
trajectories, as well as on X-ray crystal structures 1M56 and 2GSM.

The MCCE calculations use MC sampling to generate the Boltzmann distribution of hydrogen
bond networks given backbone and side-chain carbon and buried water oxygen positions from
the MD trajectory or crystal structures[64]. The methods and parameters used have been
previously applied to CcO [17,28,59]. Thus, residue ionization states, polar proton positions, His
tautomers and water occupancies are equilibrated given fixed side chain positions (referred to as
isosteric sampling [64]). Surface waters with >5% solvent accessibility in the input structure are
removed and replaced with continuum solvent. All buried water oxygens are given 20-100
different proton positions and they undergo Grand Canonical MC sampling; the use of Grand
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Canonical sampling makes the results less dependent on the water occupancy in the MD
snapshots. Hydrogen bond donors and acceptors are defined for each residue ionization state
(Table 2.3). A hydrogen bond has a donor hydrogen-acceptor distance between 1.2 Å and 3.2 Å,
and angle between donor D-H and acceptor >90°.

MC sampling of each snapshot evaluates 24 to 42 million microstates. A water mediated
connection is counted if positions that can form a hydrogen bond between residues are chosen in
> 0.1% of the microstates in a given snapshot. The analysis allows waters to connect residues or
ligands. The default networks allow as many as 4 waters to bridge a connection. Connections in
different snapshots are often made via different waters. The connections made for individual
snapshots in a trajectory are merged for the final analysis. This initial analysis is quite
permissive, as the connecting orientations of adjacent groups need not be found in the same
microstate. The key paths between PLS and the P-surface are verified by following the shortest
continuously hydrogen-bonded path between a defined beginning and ending residue, to
establish that proposed paths are indeed found as continuous hydrogen bonded paths in
individual microstates. The networks are displayed using Cytoscape [92].

3.5 Results and Discussion
3.5.1 Characterization of the CcO hydrogen bond network and P-exit cluster
The aim is to identify the hydrogen bond pathway(s) from the propionic acid Proton Loading
Site (PLS) to the P-side surface. The CcO structure has 807 amino acid residues and 6 cofactors.
Of these, 312 residues have polar or charged side-chains that can form hydrogen bonds. The CcO
crystal structures identify the positions of C, N and O atoms, but drawing a hydrogen bond
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network requires defining the location of all polar protons and the protonation state of all resides.
While the real protein crystal structure is in a Boltzmann distribution of protonation states and
atomic positions, this information is lost in the reported coordinates. In contrast, MD trajectories
save all proton positions in a single protonation state, at a small number of time points. MC
sampling in MCCE is used to generate a Boltzmann ensemble of microstates, each with defined
proton positions and protonation states given fixed heavy atom positions from an MD snapshot
or crystal structure. Approximately 25x106 microstates are subjected to Metropolis sampling
[93]. Thus, the addition of MC sampling enhances the information about thermally accessible
hydrogen bond networks in the protein derived from a crystal structure or MD trajectory.

Two crystal structures and multiple snapshots from MD trajectories in three protonation states
were examined to determine the hydrogen bond networks in Rb. sphaeroides CcO. Seventy-four
core residues are found in strongly internally connected clusters (Table 3.1). Residues are often
connected via waters. The default network described here allows groups to be connected by as
many as 4 waters. The effect of changing the number of connecting waters on the network is
discussed below. We will start by describing the network that is generated by combining the
connections made in 11 snapshots of the most inter-connected MD trajectory, showing all found
connections. Then we will see how connections are broken in a single experimental crystal
structure or MD snapshot, with different numbers of bridging waters or in MD trajectories run
with different protonation states of PRAa3 and Glu286. All the pictures of the two-dimensional
networks maintain residues in the same positions to allow for visual comparison (Figure
3.2B,3.2C,3.2D). Network placement highlights highly interconnected clusters, but only roughly
mirror the residue positions in the three-dimensional structure (Figure 3.2A). As will be seen
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residues maintain well-defined clusters in all structures, but the connections between the clusters
depend on the hydration of specific cavities that vary between structures.

Figure 3.2B depicts the network derived from connections made in 11 snapshots from an MD
trajectory run in the PR state with Glu286 deprotonated and PRAa3 protonated, designated E-Pa3
(Table S1 defines redox and protonation states fixed in each trajectory). The D-channel, Kchannel, BNC and PLS cluster form self-connected regions (Table 3.1). Glu286 is the wellestablished hub connecting the D-channel, BNC and PLS. The PLS propionic acids are part of a
highly interconnected PLS cluster. Glu101B, which was proposed to be the K-channel
entrance[94,95], is not connected to the K-channel cluster in any trajectory. In addition to
Asp132, only the N-surface, P-exit and associated P-exit’ clusters have surface exposed residues.
Two extra P-side clusters (Cluster 1 and Cluster 2), adjacent to the PLS cluster are found to be
connected in only a few snapshots. Other residues form much smaller, isolated networks that do
not connect to the BNC, PLS cluster or D or K channel clusters in any MD or PDB structures.

Table 3. 1 Residues belonging to clusters in CcO hydrogen bond network.
Cluster

Residues
D28, E548, H26, H549, K27, N25, N140, R19, S23, S544, T24, T550, W144,

N-surface
Y122
D-channel

D132, E286, N121, N139, N207, S142, S197, S200, S201, T211, Y33

K-channel

K362, S231, S299, T359, W366, Y288

BNC

Heme a3 (Fe(IV)=O2-), CuB(II)-OH-

PLS

D407, D412, D229B, E254B, H411, PRAa3, PRDa, PRDa3, Q276, R481, R482,
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S218B, T337, W172, W280, Y175
PLS’

N494, PRAa, Q471, R52, S497, S498, Y414

P-exit

E182, H93, N96, N170B, R257, S156, S168, S186, T100, T187, W95, Y262B

P-exit’

D188, D485, E488, N91, N258, Q165

Cluster 1*

Q44B, K227B, Q251B, S253B, Y483, Y409, Q37B, Q477, T220B, T492, W493

Cluster 2*

D271, Q127B, R234B, T211B, Q345, Q126B, Q228B, R408, S48B, W239B

*Cluster 1 and Cluster 2 are connected to the PLS in a small number of snapshots. They are
not discussed further or included in the network drawings.
Residue name (single-letter code for amino acids) followed by Rb. sphaeroides CcO residue
number. All residues are in subunit I unless marked with the 1-digit chain designator (B) to
indicate it is in subunit II. PRAa and PRDa are the propionic groups of heme a. PRA a3 and
PRDa3 are the propionic groups of heme a3. Surface residues (determined in the E-Pa3 MD
trajectory) are underlined. Several ligands of Mg2+ (H411, D412 and E254B) are in the PLS
cluster.

3.5.1.1 N-side networks
While the identity of the exit to the P-side represents the key finding here, we will first briefly
describe the N-side connections, which are in agreement with previous studies [28,79–
83,85,86,48,87–90,96,97]. The D-channel is an internally well-connected cluster with a unique
entrance at Asp132 and exit at Glu286. The network analysis identifies a novel N-surface cluster
that connects the D-channel via Asp132 to a set of surface-exposed residues on the N-side. The
N-surface cluster could serve as an antenna for proton capture from the compartment with low
proton chemical potential, a feature of CcO that was as suggested by earlier measurements of the
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pH dependence of N-side proton uptake [98]. Six of the fourteen N-surface cluster residues are
surface exposed including the ionizable residues His549, Asp28 and Glu548. The K-channel
cluster, is isolated, with no connection to the BNC or the surface [4,99]. This may be a result of
its only transferring protons to the BNC in the O to E to R steps, so it may not be connected in
the PR state studied here [16].

3.5.1.2 P-side networks
The network on the P-side of the protein shows a highly interconnected group of 16 residues
identified as the Proton Loading Site (PLS) cluster. The PLS propionic acids are postulated to
transiently hold protons prior to the expulsion to P-side [17,29–31,34,84]. Previous studies [17]
have shown that the proton affinity of the propionic acids in this complex environment are
poised to change protonation states, loading a proton and releasing one as the electrons are
transferred to heme a and on to heme a3 and protons to the BNC. The PLS cluster has 7 acidic
residues and only 3 basic ones, including His411, Asp412 and Glu254B that are Mg2+ ligands as
well as Glu254B that is one of the ligands to CuA.
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Figure 3. 2 Hydrogen bond networks in CcO. (A) Rb. sphaeroides CcO side chains in different
clusters in surface mesh; orange: N-surface, blue: D-channel, yellow: K-channel, red: PLS, cyan:
PLS’, brown: P-exit, purple: P-exit’. Waters (blue) and CuB (green) are spheres, hemes are
shown as sticks. (B) Hydrogen bond network based on MCCE analysis of E-Pa3 snapshots
(Glu286 deprotonated and PRAa3 protonated), with well-hydrated Glu286 and P-exit cavities.
Each line represents a direct side-chain hydrogen bond or one mediated by up to 4 waters. The
nodes are colored based on the amino acid type; red: acid; blue: base; green: neutral polar;
orange: propionic acids; purple: BNC; diamonds: surface residues. Clusters are surrounded by
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ellipses of the same colors as in A. For clarity only the residue number is given for each node
(Table 1 lists residue names for each node. PA, PD, PA3, PD3 represents PRAa, PRDa, PRAa3,
PRDa3 respectively). All network figures place all nodes in the same location. The numbers
between the clusters are the average hydration level of Glu286 cavity (between Glu286 and PLS
clusters) and the P-exit cavity (between PLS and P-exit clusters). (C) Hydrogen bond network
from 0ns, 3ns, 7ns in the EPa3- trajectory with relatively low hydration level of Glu286/P-exit
cavities, leading to breaking the inter-cluster connections between PLS & P-exit and Glu286 &
PLS. (D) Hydrogen bond network from 20ns, 32ns, 38ns, 50ns in EPa3- trajectory with a
relatively low level of Glu286 cavity, and well-hydrated P-exit cavity breaking the inter-cluster
connections between PLS and Glu286, while PLS still connects to the P-exit. Substate
nomenclature, E represents Glu286, and Pa3 the PRAa3. Therefore, EPa3- is PR state with
protonated Glu286 and all deprotonated propionic groups; EPa3 has Glu286 and PRAa3
protonated; while E-Pa3 has deprotonated Glu286 and protonated PRAa3.

Allowing hops through a maximum of 4 waters, each PLS cluster residue is connected to at least
6 other cluster members. This suggests that a proton bound to any residue in the PLS cluster can
easily find the sites with the highest proton affinity. Previous MCCE studies showed that the four
propionic acids function as a distributed proton loading site [17], while other residues do not
change their equilibrium protonation as the PLS loads and releases protons. However, the PLS
cluster residues play a role in setting the proton affinity of the propionic acids and permit the
proton to move though the highly extended, buried cluster. A weakly connected PLS’ cluster is
also identified. Neither PLS nor the PLS’ clusters contain any surface exposed residues.
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3.5.1.3 Pathway from the PLS to the P-surface
The P-side surface of CcO contains ~46 solvent exposed polar residues. It has not been
established how the PLS connects to the surface [24,25]. The network drawn in Figure 3.2B is
very permissive in identifying connections. Here two residues are connected if they form direct
or water mediated hydrogen bonds, with four or fewer intervening water molecules, in at least
0.1 % of the equilibrated microstates. What is striking is how few surface residues (Diamond
shaped nodes in Figure 3.2B) are connected to the internal clusters on the P-side (or the N-side)
of CcO. Thus, despite the highly interconnected PLS cluster in the center of the P-side, which
extends over ~20 Å, there are few connections to the surface. The identified path in the network
from PLS to the surface is via the P-exit cluster, containing 12 residues (Table 3.1). The P-exit
cluster is connected to the P-exit’ cluster with 6 residues. The P-exit’ cluster spans three water
connected locations, each with a pair of residues. The P-exit and P-exit’ clusters each have 4
surface exposed residues.

The well-connected hydrogen bond network found in the E-Pa3 trajectory is analyzed to find the
sites with the largest number of shortest paths between all possible pairs of residues (nodes)
(Figure 3.3). The pivotal groups in the PLS cluster are the PLS propionic acids PRDa, PRAa3
and PRDa3 and Glu254B. The P-exit cluster links to the PLS cluster via Ser168, Ser186, Thr100,
Asn96 and Trp95. The key surface-exposed residues are His93, Glu182 and Glu488 in the P-exit
or P-exit' clusters.

A given snapshot can be analyzed in different ways. The default network analysis defines side
chains as being connected if a hydrogen-bonded path between them can be found via four or
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fewer waters. To understand the importance of waters, the hydrogen bond network is calculated
with different cutoffs for the maximum number of waters bridging residues. With no intervening
waters, few residues are connected, highlighting the importance of waters. However, there is
little difference between networks with 3, 4 or 5 connecting waters, and 4 is the default here.

The network found for a series of individual E-Pa3 snapshots shows the persistence of hydrogen
bonds through the MD trajectory. There are some variations in connectivity within N-surface and
P-exit clusters in individual snapshot. However, the clusters and their interconnections remain
relatively intact, with connection from the PLS to the P-exit cluster retained in all snapshots from
this trajectory.
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Figure 3. 3 Key nodes in hydrogen bond network (with four-water connection) in different
substates. Here the node sizes are scaled by node betweenness centrality and edge width by edge
betweenness[92]. The node betweenness centrality for is the sum of the fraction of shortest paths
passing through the node over all pairs nodes. The edge betweenness centrality is the sum of the
fraction of shortest paths passing through the edge over all pairs nodes. Nodes with more control
over the network have higher node betweenness centrality and edge betweenness. The networks
are shown for MCCE network analysis of MD trajectories in different substates of CcO. E-Pa3
(A) has well hydrated Glu286 and P-exit cavities. In the EPa3 (C) snapshots the Glu286 cavity is
dry, while EPa3- (B) fluctuates between dry and partially hydrated cavities.

41

3.5.2 Hydration controls connectivity in P-side networks
In the MCCE analysis of the E-Pa3 trajectory, all clusters, except the K-channel, are
interconnected. Analysis of crystal structures and different MD trajectories identify cavities
whose changing hydration modulates the inter-cluster connections in a manner that can
contribute to the control of CcO proton transfers. The hydrogen bond networks were determined
in two X-ray structures of CcO (PDB ID: 1M56 and 2GSM), retaining the experimental, buried
water positions. Each crystal structure is better compared with a single MD snapshot than with
the network formed by merging the connections found from multiple snapshots (Figure 3.2B).
The X-ray structure networks show all internally connected clusters seen in Figure 3.2B. The Pexit and N-surface clusters revealed in the analysis of MD snapshots can be seen in hindsight in
the crystal structure. However, the water-mediated inter-cluster connections between D-channel
and the PLS via Glu286 and from the PLS cluster to the P-exit are lost.

Two additional PR MD trajectories were analyzed. One fixed Glu286 protonated and all
propionic acids ionized (EPa3-) and another kept both acids neutral (EPa3). In each case 11
snapshots from a given trajectory were subjected to MCCE network analysis and the results
merged. The connections within clusters remain in all snapshots in all trajectories; however, the
inter-cluster connections vary (Table 3.2, Figure 3.2B, 3.2C, 3.2D). Thus, connections from the
D-channel to the PLS (Figure 3.2C, 3.2D) or from the PLS to the P-exit (Figure 3.2C) are
broken. Two cavities, designated the Glu286 cavity and P-exit cavity, are found to control the
inter-cluster connectivity to and from the PLS in the X-ray crystal structures and the MD
trajectories. The P-exit cavity hydration is assigned as the number of waters within 3.5 Å of side-
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chain polar atoms of Thr100, Trp95 or Asn96. The Glu286 cavity hydration is assigned by the
number of waters within 4.5Å of the terminal oxygens of the Glu. The number of waters in these
cavities and the cluster connectivity is summarized in Table 3.2.

Table 3. 2 The Glu286 and P-exit cavity hydration and cluster connectivity summarized for
different groupings of MD snapshots.
E286a

P-exitb

E-orienc

PLS>PEd

E>PLS

D>E

E>BNC

BNC>PLS

E-Pa3

6.91±1.22

7.00±1.10

10.0±0.7

100%

100%

100%

73%

82%

EPa3-

2.82±1.32

5.00±1.55

10.3±0.8

64%

0%

91%

18%

0%

2.86±1.35

5.71±1.38

10.1±0.7

100%

0%

100%

14%

0%

2.75±1.50

3.75±0.96

10.7±0.8

0%

0%

75%

25%

0%

EPa3

1.45±0.69

6.36±1.12

11.7±0.8

100%

0%

91%

0%

73%

1M56

1

2

10.3

0%

0%

100%

0%

0%

2GSM

1

2

10.2

0%

0%

100%

0%

0%

EPa3Wet
EPa3Dry

a

The number of waters within 4.5 Å of either terminal oxygen of Glu286.

b

The number of waters within 3.5 Å of the side-chain polar atoms of Thr100, Asn95 and

Trp94.
c

The Glu286 orientation is defined by the distance in Å between Glu286 CD and heme a3

CAD atoms. A value of ≤ 10 Å indicates the Glu286 is pointing up towards the PLS, while
values of >11 Å are pointing down into the D channel.
d

PLS>PE, E>PLS, D>E, E>BNC, BNC>PLS represent the percentage of the snapshots

where inter-cluster connections between PLS and P-exit, Glu286 and PLS, D-channel and
Glu286, Glu286 and BNC, BNC and PLS were found. The water occupancy and connectivity
of each individual snapshot is found in Table S4. The residues that in each cluster are listed
in Table 1.
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EPa3- Dry snapshots have unconnected PLS and P-exit clusters, while in EPa3- Wet they are
connected. The correlation between PLS>PE and E>PLS in individual snapshots: 33% both
connected; 12% both disconnected: 54% have PLS>PE but not E>PLS. There are no
snapshots with E>PLS connected but PLS>PE unconnected.

In the crystal structures the Glu286 and P-exit cavities are dry and the clusters unconnected. In
the MD trajectories the cavity hydration fluctuations depend on the assigned propionic acid and
Glu286 protonation state. After 50 ns in the EPa3- substate with all four propionic acids ionized,
only two of the five water molecules initially added to the Glu286 cavity region are retained and
inter-cluster connections are broken. However, when initiated with this dry Glu286 cavity,
protonation of PRAa3 in the E-Pa3 substate shows a rapid increase of the hydration level in both
the Glu286 cavity (as seen in previous studies [28]) and P-exit cavity as detailed here. In
contrast, the EPa3 state retains a dry Glu286 cavity. Overall, the E-Pa3 trajectory is characterized
by both cavities being well hydrated, EPa3 is significantly drier, while EPa3- fluctuates between
dry and partially hydrated cavities. The wet to dry transition timescale can occur over multiple
tens of nanoseconds.

The Glu286 cavity has been described previously [28,100,101]. Hydration of this cavity has been
previously shown to substantially lower the pKa of Glu286, stabilizing proton loss[28]. MD
simulations and free energy calculations [45] suggested that the Glu286 cavity opening is largely
controlled by the PLS propionic acid protonation, which perturbs the conformation of a nearby
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loop that contains Trp172 and thus the volume of the cavity; a deprotonated Glu286 further
facilitates and stabilizes the hydration level increase in the cavity, while the cavity expansion and
wetting transition occurs substantially more slowly when Glu286 is protonated. Thus, trajectories
in EPa3 or an analog when PRDa3 rather than PRAa3 is protonated fluctuate between wet and dry
states [45]. As all Propionic acids are in the PLS (or PLS’) clusters, the loaded proton is likely to
equilibrate amongst the different acids [17]. Thus, the cavity hydration and resultant cluster
connectivity may be triggered by the loading of the PLS, so is not strongly dependent on which
of these acids is protonated. When at least 6 waters are present in the Glu286 cavity, the PLS
and Glu286 are always connected. No snapshots with 4 or fewer waters within 4.5 Å of Glu286
show connections, while 5 waters may or may not mediate the connection.

The newly identified P-exit cavity connects the PLS and P-exit clusters. The P-exit cavity is
bounded by Trp172, Arg482, Trp95, Asn96 and Thr100 (Figure 3.4). The P-exit cavity is linear
in contrast to the more spherical Glu286 cavity. With 6 waters in this cavity, the PLS cluster is
connected to the P-exit cluster and with 3 or fewer it is not. With intermediate number of water
molecules, the pathway need not be complete. The connection between Thr100 and PRDa
requires at least two waters.

The P-exit cavity is connected to a nearby loop, consisting of residues Gly167, Ser168, Gly169,
Ile170, Gly171, Trp172 and Val173, including the highly conserved GxGxGWxxYxPL motif
(Table S5). Elements of this loop had been previously found to determine the hydration of the
Glu286 cavity[28]. Trp172 in the loop interacts directly with PRDa3. On the top and bottom of
the P-exit cavity, there is a hydrophobic pair, Leu255B and Ile99 (Figure 3.4B, 3.4D). The
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hydrophobic pair moves apart when the P-exit cavity is wet, and they are closer when the P-exit
cavity is dry. Leu255B is near CuA, whose one-electron reduction is coupled with one-proton
pumping in CcO [13]. In the HSSP database [102], residue 255B is 76% Ile, and 23% Leu, with
weight 0.76, while residue 99 is 63% Val, 22% Phe, and 7% Ile, with weight 0.47. Thus, they are
almost always occupied by hydrophobic amino acids. However, this cavity is dry in the crystal
structures and can be variably hydrated in a single trajectory. Thus, in contrast to our
understanding of how the propionic acids and Glu286 protonation states trigger and stabilize
changes in the Glu cavity hydration, we do not know the specific set of conditions that will
reproducibly change the P-exit cavity hydration.

Proton uptake to the PLS from the P-side must be controlled so that protons move uphill from Nto P-side. There will be no proton transfer if there is no pathway, thus changing cavity hydration
is one method to block translocation. However, when connected paths are found the rates of
competing proton transfers to N- or P-side of the membrane and to the PLS or BNC depend on
multiple factors. These include: the metastable proton affinity of the PLS, Glu286 and BNC ,
which change through the reaction cycle[17]; the stability of pathways that are well oriented for
proton transfer [103]; the energy of injecting a proton into the pathway [21,78,100] as well as the
transmembrane electrochemical potential and ∆pH, which determines the overall back pressure
on proton pumping [104,105]. The merged network generated from the trajectory with Glu286
and PRAa3 protonated shows interconnections between N-surface, D-channel, PLS and P-exit
clusters (Figure 3.2). Many individual snapshots also show persistent connections between Pand N-side clusters. Thus, other factors would be needed to disrupt proton transfers in the wrong
direction. The energetics of proton transfer that can reduce transfer in a connected path is outside
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of the scope of this paper.

Figure 3. 4 P-exit cavity. Protein backbone is shown. Yellow carbon spheres used for W172 and
R482 are in the PLS cluster, while T100, W95 and N96 in the P-exit cluster have green carbons.
Water molecules are cyan spheres. (A, C) EPa2- snapshot with wet P-exit cavity. P-exit water
wire is enclosed by cyan surface. The distance between L255B atom CG and I99 atom CB is 8.9
Å. (B, D) EPa3- snapshot with dry P-exit cavity. The distance between L255B atom CG and I99
atom CB is 7.2 Å. In A, B L258B and I99 are above and below the water wire. In C, D the view
is rotated and these hydrophobic groups have their carbons colored magenta.
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3.5.3 Comparison with earlier studies
3.5.3.1 Residue conservation
The network analysis of Rb. sphaeroides CcO identifies Thr100, Ser168, Asn96, Glu182,
Asp485 and Tyr262B as important residues for proton transfer to the P-side surface. An
alignment of CcO sequences in the HSSP database [102] shows that Thr100, Asn96, Arg257 are
highly conserved with a weight >0.8. In contrast, His93 is often changed to the polar Gln while
Glu182 is often found to be a non-polar Ile or Leu. These residues may play a role only in Rb.
sphaeroides and closely related CcOs, or waters in the P-exit cavities may relax in the
requirement for specific residues. Thus, the residues that directly connect PLS and the P-exit
cluster are relatively conserved, whereas the surface exposed residues of P-exit cluster are more
variable.

3.5.3.2 Suggested pathways
The residues on the proton transfer pathway proposed here was compared with those suggested
in earlier studies. The network seen here (table 3.1) does not include the N-side amino acids
proposed to be part of the H-channel [22,24,25,77]. However, the auxiliary PLS’ contains
residues Gln471, Tyr414 and Arg52, Asn494, Ser497 which are part of the P-side of the
proposed H channel.4 In addition, the P-exit and P-exit’ cluster contains Asn96, Trp95, His93,
Asn91, equivalent to Gly49 to Asn55 in bovine CcO H channel [77]. However, the key Hchannel residues are Tyr54 and Asp51 (bovine numbering). The Tyr is replaced with Trp95 (Rb.

4

H channel sequence alignment: His413, Thr424, Ser461, Ser382, Ser454, Gln428, Arg38, Asn451, Tyr443,
Tyr371, Try54, Asp51 (bovine) is equivalent to His456, Thr467, Ser504, Ser425, Ser497, Gln471, Arg52, Asn494,
Try486, Tyr414, Trp95 (Rb. Sphaeroides). Asp51 has no Rb. Sphaeroides equivalent.
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sphaeroides), while there is a gap in Rb. sphaeroides CcO in the region of Asp51.

Crystal structures of the bovine protein also show the segment Gly49 to Asn55 moves toward to
cytosolic surface by about 4.5 Å near the carboxylate group of Asp51 on reduction of the fully
oxidized enzyme [77]. These movements occur in the region near the P-exit pathway.

Studies of H/D exchange coupled to mass spectrometry identified segments of Rb. sphaeroides
CcO where the exchange rates are altered in the E286H mutant, which turns over slowly without
pumping [106]. Five residues in the PLS cluster (Gln276, Thr337, Trp172, Trp280, Tyr175), two
in the P-exit cluster (Arg257, Ser168) and two in the P-exit’ cluster (Asn258, Gln165) are in
regions whose solvent exposure or protein dynamics are modified. Residues in other clusters did
not show altered H/D exchange. There are other regions of the protein whose side chains
exchange rates vary that are not found in the network investigated here.

Earlier calculations evaluated possible proton exit pathways in a bovine x-ray crystal structure by
finding the amino acids in the region on the P-side that are coupled electrostatically to the His
ligand to CuB that was assumed to be the PLS [32–35]. Residues that were found to change
proton affinity when CcO moves between different redox states were proposed to provide a low
energy proton transfer pathway [33]. The calculations thus identified sites for proton transfers in
a manner that focused on electrostatic energy connections rather than hydrogen bond
connections. Possible water pathways were also traced in bovine [26] and Rb. sphaeroides [45]
CcO MD trajectories. The pathway in bovine runs through the PLS cluster but not in the
direction of the P-exit cluster. The analysis of the bovine trajectories considered transient
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hydrogen bond connections in snapshots, again suggesting pathways via His204B/Lys171B,
which are not in the network found here.

The pathway to the P-surface found here is different from the ones identified earlier [21], which
involved residues in the Mg2+ cluster and the Lys171B/Asp173B (bovine numbering;
Lys227B/Asp229B here) pairs. In our analysis, Asp229B is one of the PLS cluster residues and
Lys227B in the rarely connected Cluster 1. A proposed exit pathway for the product water runs
near this Lys227B/Asp229B pathway [107]. The pathway addressed here runs in the same
direction as one of the two water exchange pathways, which passes near His93/Glu182 [45].
While water and protons can use the same paths, our study highlights a separate path for the exit
of protons.

3.5.3.3 P-side mutational analysis
While mutations of key N-side residues such as Asp132, Lys362 and Glu286 reduce activity in a
clear-cut way results of mutations on the P-side have often provide inconclusive
results[97,106,108–113]. One reason may arise from the different styles of connections on P- and
N-sides. The N-side D-channel has a unique entry (Asp132) and exit (Glu286) connected by a
linear array of waters and polar residues, with no other ionizable groups. In contrast, the PLS on
the P-side is part of the PLS cluster, a buried, highly interconnected region with 6 polar residues
and 7 acids and 3 bases. The network analysis shows water mediated connections from Glu286
to multiple residues in the PLS cluster. In addition, while the P-exit appears via a highly
localized region on the P-side surface, several discrete paths from the PLS to the surface may
play a role in making it hard to block transfer with a single mutation. A P-side that can support
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some backward proton transfer allows non-energy conserving reactions with O2 as the terminal
acceptor at high proton motive force. Situations where CcO cannot accept electrons lead to ROS
build-up from reduced complex I and III [104].

The extensive, interconnected PLS cluster may also contribute to unanticipated effects of
mutating P-side residues. The ability of the PLS to bind and release protons relies on its
changing proton affinity as well as its connections to the surface[17]. Thus, to bind and release
one proton, the cluster must have an effective pKa above 9 in the loading state and below 5 in the
release state (assuming the pH is 7 and probability that a proton will be bound and released is
99%). The proton affinity is controlled by the redox states of CuA, heme a and the BNC, as well
as the position and charge of the web of nearby polar and charged residues. Thus, mutations in
the PLS such as of Arg482, Arg481 have had variable effects [112–114]. Additionally, residues
such as His93 and Thr100, which are important nodes on the P-exit pathway, appear to modify
the electrochemistry of CuA and heme a, making it difficult to isolate their role in proton
transfer[114].

Support for the proposed P-exit network can be obtained from negative results, where mutation
of residues that are not in our proposed networks in fact have little or no effect on CcO function.
These include Ser504, Thr467, His456, Glu450, and Ser425 on the proposed H-pathway. These
are mainly near but unconnected from the ancillary PLS’ cluster, and were found to have little
effect on proton pumping [24,77]. Mutations of the dead-end PLS’ such as Q471A and Y414F,
which do not change the charge, also do not change CcO function [24]. In contrast, R52A in the
PLS’ cluster does not support activity, which may be due to changes in PLS proton affinity
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rather than pathway connectivity. Thus, the network analysis while indicating a preferred
pathway may also provide a rationale for the null results found for different P-side mutations in
CcO.

3.6 Conclusions
While D and K channels are clearly delineated on the N-side of CcO, the cytochrome c oxidase
structures do not identify a simple pathway for proton exit to the P-side. The hydrogen bond
network analysis of CcO reveals an extended, but fully buried set of residues that contribute a
PLS cluster. A small number of pathways leads from the PLS cluster to a cluster of residues on
the P-side surface. Glu286 is also seen as a hub connecting the D-channel, the PLS and the
BNC. A variably hydrated water cavity near Glu286 allows a mechanism to modulate the
connections between BNC and PLS.

The thermodynamically uphill transfer of protons from N- to P-exit requires a controlled exit
pathway to avoid excessive thermodynamically favorable proton back-flow. Variable hydration
of a cavity near Thr100 is seen as mechanism to make or break the connection between the PLS
and the P-side surface. When the two cavities are dehydrated the PLS is fully insulated from the
surface of the protein. However, the changes in redox state or residue protonation that can trigger
connectivity changes in the exit pathway, is still unknown.
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CHAPTER FOUR
Identifying the Proton Loading Site cluster in the Ba3 Cytochrome c
Oxidase that loads and traps protons5
4.1 Abstract
Cytochrome c Oxidase (CcO) is the terminal electron acceptor in aerobic raspatory chain,
reducing O2 to water. The released free energy is stored by pumping protons through the protein,
maintaining the transmembrane electrochemical gradient. Protons are held transiently in a proton
loading site (PLS) that binds and releases protons driven by the electron transfer reaction cycle.
Multi-Conformation Continuum Electrostatics (MCCE) was applied to crystal structures and
Molecular Dynamics snapshots of the B-type Thermus Thermophilus CcO. Six residues are
identified as the PLS, binding and releasing protons as the charges are on heme b and the
binuclear center are changed: the heme a3 propionic acids, Asp287, Asp372, His376 and
Glu126B. The unloaded state has one proton and the loaded state two protons on these six
residues. Different input structures, modifying the PLS conformation, show different proton
distributions and result in different proton pumping behaviors. One loaded and one unloaded
protonation states have the loaded/unloaded states close in energy so the PLS binds and releases
a proton through the reaction cycle. The alternative proton distributions have state energies too
far apart to be shifted by the electron transfers so are locked in loaded or unloaded states. Here
the protein can use active states to load and unload protons, but has nearby trapped states, which
stabilize PLS protonation state, providing new ideas about the CcO proton pumping mechanism.

5

Under revision. X. Cai, C.Y. Son, J. Mao, D. Kaur, Y. Zhang, U. Khaniya, Q. Cui, M.R. Gunner, Identifying the
Proton Loading Site cluster in the Ba3 Cytochrome c Oxidase that loads and traps protons, Biochim. Biophys. Acta.
(2020).
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The distance between the PLS residues Asp287 and His376 correlates with the energy difference
between loaded and unloaded states.
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4.2 Motivation
Cytochrome c oxidase (CcO) translocates protons from N-side to P-side coupling with reduction
of O2, to build up the proton gradient across the membrane. It needs proton loading site(s) (PLS)
to load proton transiently waiting for the gates between N- and P-side to open and close so
protons are loaded from the N-side and expelled to the P-side. The proton loading sites of A-type
CcO has been revealed to be a cluster of the two propionic acids of heme a3. There are several
families of CcO.

The A-type is the best studies and is found in eukaryotes and bacteria. The B-type is found in
bacteria and archaea that live at lower oxygen concentration. The proton pumping ratio of Atype 4 proton/4 electron while in B-type CcO is only 2 proton/4 electron. Finding the difference
of the PLS in the A and B-type CcOs can help reveal the reason for this difference in pumping
stoichiometry. It can also provide clues to what must be maintained in CcO evolution. There
have been studies on the PLS of B-type CcO. Propionic acids of heme a3 and nearby residues in
the similar positions as A-type CcO has been suggested to be the PLS. However, the models of
the PLS are controversial and experiments have not provided strong evidence for any particular
proposal. In this chapter, the PLS of B-type CcO will be studied by Multi-Conformer Continuum
Electrostatics (MCCE) combined with Molecular Dynamics (MD). Six residues are identified to
be the PLS of B-type CcO. Moreover, a mechanism is proposed which shows how the PLS can
actively load and trap proton. The active state of PLS, which can bind and lose a proton, is
calculated to have an average proton uptake to 1.48 protons/4 electrons. This gives the clue why
B-type CcO has lower proton pumping efficiency than A-type CcO.
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4.3 Introduction
Cytochrome c oxidase (CcO), a member of the heme-copper oxidase superfamily, is a proton
pump, driven by the chemical energy produced by reduction of oxygen to water [18].The proton
is pumped through chains of waters and amino acids from the N-side (high pH) to the P-side
(low pH). Pumping protons uphill is a complex process, requiring changes in proton affinity and
proton connections within the working protein. In CcO the energy required is provided by the
reduction of oxygen. The reaction occurs at the Binuclear center (BNC) located at the center of
the protein, consisting of a heme group and a copper site and a covalently-linked Tyr residue
[60,115,116].

In the overall redox reaction cycle CcO reduces one oxygen molecule to water, driving a
reaction cycle that results in uptake of 4 protons from the N-side for chemistry and additional
protons pumped from N- to P-side [60,115]:
𝑂- + 4𝐶𝑦𝑡 𝑐5-6 + 4(1 + 𝜂)𝐻<6 → 2𝐻- 𝑂 + 4𝐶𝑦𝑡 𝑐5?6 + 4𝜂𝐻56 ,

(4.1)

where η is the number of protons moved from the N- to P-side of the membrane
(pumped)/electron [4].

CcO is divided into three families denoted by A, B and C [4–6]. The A-type CcO is present in
eukaryotes and bacteria. B- and C-type CcO are found in bacteria and archaea that live at lower
oxygen levels [5]. The different classes differ in the nature of the active site hemes (heme a, b,
or c), the number of N-side proton pumping pathways (one or two) and the number of protons
pumped/electron (η).
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The A-type CcO, aa3, is the best studied, with CuA as the electron acceptor from cytochrome c, a
heme a and heme a3 and CuB as the catalytic Binuclear Center (BNC) [3,13,116–118]. The ba3
CcO is a member of B-type CcO, which uses heme b instead of heme a to accept electrons from
CuA on the P-side and transfer them to the BNC. The isolated heme b has an Em of-120mV while
heme a -20mV [119], which likely increases the driving force for electron transfer into the BNC
in the B-type CcO. The number of protons/electron, η, is ≈1 for A-type CcO [10–13] while it is
≈0.5 for the B and C type CcO [8,14,15].

In every family of CcO the reduction of O2 takes four sequential reductions of the BNC, denoted
the redox states F, O, E, R [16–18,120]. In the fully reduced R state (Fea3II, CuBI, Tyr-OH), O2 is
bound to the iron atom of heme a3. It is at this stage that 4 electron reduction of O2 occurs in the
BNC, leading to the most oxidized protein (F). Then one electron and one chemical proton is
sequentially transferred to the BNC in each redox transition from: F (Fea3IV=O=, CuBII-H2O, TyrO-) to O:( Fea3III-OH-, CuBII-OH-, Tyr-OH), to E: (Fea3III-OH-, CuBI, Tyr-OH) defining one
reaction cycle (Figure 2.1).

CcO is a member of the class of proton pumping proteins such as Complex I [121] and
bacteriorhodopsin. Proton pumps move protons through the entire membrane embedded protein
driven by energy of a photon or a redox reaction [3,93]. Pumps have proton loading sites (PLS),
a residue or group of residues whose proton affinity changes dramatically through the reaction
cycle, so a proton is loaded, held and then released through the reaction cycle. A requirement for
a pump to function is that the PLS proton affinity must change so that its effective pKa shifts
substantially, from several pH units above the pH for proton loading to several pH units below
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the pH for proton unloading [115,122]. Smaller changes in affinity or those where the change of
effective pKas in different states that do not cross the pH of the surroundings will not cause the
PLS to alter protonation state. The electrochemical gradient across the membrane, favors wrong
way proton transfer from P- to N-side, so for efficient pumping, when protons are loaded the
proton pathway must connect to the N-side and opened only to the P-side when protons are
released [123].

The PLS has been studied in A-type CcO, suggesting the propionic acids of heme a3 or the
Histidine ligand to CuB to be the potential loading sites for A-type aa3 CcO [29–32,34].
Calculations using methods similar to the ones that will be used here proposed that the proton
loading sites are a cluster instead of a single site, with the two heme propionic acids of heme a3
playing the major role [17]. An analysis of the hydrogen bond network of A-type CcO also
identified a cluster of residues that include, but extend beyond, the proton holding PLS residues
on the P-side, above the BNC that can lead to proton egress [123].

As in the A-type CcO [123] the ba3 type CcO has an extended group of buried charged and polar
residues on the P-side of the BNC. In the ba3 CcO, the propionate A of heme a3 and nearby
residues have been suggested to be the PLS [37–42]. Mutations of Asp372, His376, Asp287
disrupted or reduced proton pumping [39]. A conserved water molecule between propionates A
and D of heme a3 [38,39,43] or a water-dimer near the CuB site in the BNC [44] have also been
proposed to be part of the proton pumping pathway. One model [124] highlights a possible role
of His376, suggesting that its rotation moves a proton from the propionate A of heme a3 or
Asp372 onto Glu126B and onward to the P-side surface. Comparison of the pumping
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mechanisms of the members of the CcO family can help us understand the constraints on the
transiently proton trapping element of the proton pumping cycle.

In A-type CcO, four protons are pumped with the four electrons needed for one O2 reduction.
After much discussion of alternative patterns, one proton is believed to be pumped for each
electron . To pump one proton each time the BNC is reduced, the proton affinity of the PLS
must change four times during the redox cycle. Proton loading and unloading into the PLS
requires a sizable shift in proton affinity, moving from being above to below the solution pH. A
Monte Carlo analysis of proton binding in Rb. sphaeroides A-type CcO through the reaction
cycle showed protons could be loaded and unloaded in each redox state [17]. Compared with A
type CcO, B type CcO only has half of the yield of pumped protons, with only ≈2 pumped/O2.

Here, CcO structures are obtained from crystal structures from the Protein Data Bank and
snapshots from Molecular Dynamics (MD) trajectories conducted in different redox states with
different protonation states of possible PLS residues. Continuum electrostatics based Monte
Carlo analysis (Multi-Conformation Continuum Electrostatics, MCCE) is applied, allowing the
protonation states of the whole protein to come to equilibrium with a series of imposed redox
states that models the reaction cycle in 136 different starting structures. This approach allows us
to probe the coupling between the redox cycle and the protonation states of the protein in diverse
structures. The method does not pre-select the PLS residues. A cluster of residues is identified
whose protonation increases when the BNC is reduced and diminished when a substrate proton is
added to the BNC. The ba3 CcO PLS is in a location similar to that found in the aa3 CcO [17].
One distinction is that the propionic acids are the key loading sites in the aa3 protein, while here
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we find a more delocalized PLS made of the propionic acids of heme a3, Asp287, Asp372,
His376 and Glu126B (Figure 4.1). The unloaded PLS cluster has one proton and the loaded state
has two.

Figure 4. 1 A) B type CcO from Thermus Thermophilus structure PDB:3S8F. The hemes are
shown with sticks, heme b on the left and heme a3 (with a long tail) on the right. The di-copper
CuA and CuB in the BNC are shown as gold spheres. The K channel [38,132] residues are shown
as sticks to the bottom right. The region where the PLS is expected to be located is circled. B)
Electrons are transferred from a P-surface bound cytochrome c (not shown) to CuA then to heme
b which reduces the BNC (heme a3 and CuB). Protons needed for chemistry are added to the
oxygen ligands bound on heme a3 and CuB as a product of O2 reduction. The six labeled residues
that are found to function as the PLS are shown.

The study shows that the changes in heme b redox state and the redox and protonation states of
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the BNC always tune the proton affinity of the PLS cluster by 5-6 kcal/mol. However,
investigating a range of structures shows the free energy difference between the protonated and
deprotonated PLS states, which corresponds to the PLS proton affinity, can be too large for the
reaction cycle to change the protonation state. Thus, in an ensemble, individual structures are
found locked in loaded (2 protons) or unloaded (1 proton) states, or in ones that can actively bind
and release protons. Locked unloaded and active pumping states were also seen in our earlier
study of aa3 CcO, but at the time we could not identify the underlying cause [17]. Following a
full analysis of the energetics of all PLS cluster proton distributions in all structures we find two
loaded and two unloaded protonation states. If the structure prefers an unloaded state with
Asp372 protonated, it will load the second proton to the propionic acid A of heme a3 (PRAa3) in
response to changes in heme b and the BNC. However, if the unloaded structure stabilizes the
proton on PRAa3 the loaded structure becomes energetically inaccessible. Likewise, of the two
loaded protonation states seen one (with Asp372 and PRAa3 protonated) is close in energy to the
unloaded state, while the other (His376 and Asp372 protonated) is locked loaded. Hydrogen
bonds among Asp372-PRAa3, His376-PRAa3, and His376-Glu126B affect the proton pumping
behaviors of PLS cluster. Asp372-PRAa3 hydrogen bond favor PLS cluster to load protons on
PLS cluster. His376-PRAa3 and His376-Glu126B hydrogen bonds lock the PLS cluster protons.
In addition, a decrease in the distance between Asp287 and His376 correlates with a change in
the PLS from locked unloaded to locked loaded state.

4.4 Methods and Materials
MCCE simulations are applied on crystal structures of ba3 CcO or MD trajectories prepared in
different redox state and protonation states. PLS candidates, which are supposed to hold protons
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transiently during the redox cycle of CcO, are firstly selected based on highly hydrogen-bonded
cluster above BNC, using MCCE hydrogen bond analysis described in previous study on aa3
CcO [123]. Six residues are identified, whose ionization states change correlating to CcO redox
cycle or who highly interaction with the former residues, as the PLS cluster of ba3 CcO. The
MCCE simulation is used to model the redox cycle of CcO for each structure, to get the
Boltzmann charge change of the PLS cluster for different substates of CcO. It helps to analyze
the proton pumping behavior of the PLS cluster for different CcO structures. Since there are six
residues on the PLS cluster, where and how many protons are loaded on the PLS cluster is
interesting to know. To identify the proton position and numbers on the PLS cluster during the
redox cycle of CcO, the energy in MCCE simulation of PLS cluster Microstate, which has
different number of protons on different positions of PLS cluster, is extracted out to analyze. The
lower the energy of the microstate, the higher probability the microstate will be selected in the
MCCE simulation, thus the more stable the microstate is for this structure. Therefore, the lowest
microstate energy of PLS cluster shows where most likely the proton will stay in the PLS cluster.
To analyze the phenomena that some structures loads protons while other structures trap protons,
proton binding energy of PLS cluster, which is the energy difference between loaded PLS cluster
and unloaded PLS cluster, are calculated. It will describe how much the energy of the PLS
cluster need to overcome at least to get a proton loaded on for the CcO structure. Detailed
methods are described below.

4.4.1 MD simulation
MD simulations are prepared at seven different redox/protonation states, starting from the crystal
structure, 3S8F, of Thermus Thermophilus CcO [47] (Table 2.2). The states were initially
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chosen given the proposed reaction cycle where the P to F transition is coupled to proton pumped
from N-side to the PLS [60]. Therefore, CcO was simulated with and without protons on
Propionic acid A of heme a3 or Asp372. In addition, CcO with protons, on Asp372 and His376,
was prepared, as MCCE analysis showed this to be the preferred proton location of the crystal
structures. The MD simulation protocols are carried out as described previously [45].

4.4.2 MCCE simulation
Twelve crystal structures of the ba3 CcO from Thermus Thermophilus (PDB codes: 1EHK,
1XME, 3EH3, 3EH4, 3EH5, 3S3A, 3S3B, 3S3C, 3S3D, 3S8F, 4GP4, 4GP5) [37,47,67–70] from
the Protein Data Bank and MD snapshots at different redox/protonation states (Table 2.2) are
analyzed by MCCE simulation. In the beginning, MD snapshots are selected by their time point
in the trajectory. To guarantee the diversity of input structures, the ≈3,500 snapshots from the
seven MD trajectories were then clustered by the coordinates of the PLS cluster (propionic acids
of heme a3, Asp287, Asp372, His376, Glu126B) using MD Analysis [71–73] generating 124
clusters. There are 13-24 clusters for each of the 7 trajectories with from 1 to79 MD
snapshots/cluster. One snapshot representing the centroid of each cluster is chosen for MCCE
analysis of the proton pumping behavior.

MCCE [62] can generate multiple conformers for residue side chains as well as the protonation
and redox state for each residue and cofactor. Monte Carlo sampling allows the entire system to
come to equilibrium. Here conformational sampling was restricted to isosteric side chain
conformations with only the cofactor redox and protonation states imposed for each state in the
reaction cycle (Figure 2.1). These calculations keep the heavy atoms determined by the input
structure but allow His tautomers, changes in hydroxyl proton positions and Asn and Gln termini
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positions and in the protonation state for each acid and basic residue. Molecular waters are
removed and replaced with implicit solvent [74]. The hydrophobic portion of the lipid bilayer
from the MD simulation is retained to serve as a low dielectric surroundings in MCCE
simulations. The membrane was added to the crystal structure coordinates by alignment to an
equilibrium MD snapshot with PyMol. The atomic charges for CuA, CuB, heme a3 are given in
the earlier publications [17,59,66]. Atomic charges for heme b are calculated using Gaussian
version 09 [75]. Approximately 4.5 million steps of MC sampling are averaged to determine the
equilibrated protonation state for each structure in each defined reaction state.

4.4.2.1 Modeling the changes in CcO redox and protonation state in MCCE
Independent MCCE calculations are carried out for 136 MD or crystal structures in twelve redox
and protonation states for the BNC, CuA and heme b (Figure 2.1). The four redox states are
designated R-F-O-E [60]. Each redox state (X, where X can be R, F, O or E) starts with electron
transfer to the BNC (forming the state designated Xe), followed by proton transfer to BNC (Xp)
and then electron transfer to heme b (X+e). The BNC states are: R: (Fea3II, CuBI, Tyr-OH);
F:(Fea3IV=O=, CuBII-H2O, Tyr-O-); O:(Fea3III-OH-, CuBII-OH-, Tyr-OH); E: (Fea3III-OH-, CuBI,
Tyr-OH). Heme b is reduced in X+e and oxidized in Xe or Xp. The total change on heme b and
the BNC is -1 in X+e and Xe and 0 in Xp.

The Boltzmann distributions of protonation states are calculated for each MCCE
redox/protonation substate in each structure. Six residues will be identified as constituting the
PLS cluster (PRAa3, PRDa3, Asp287, Asp372, His376 and Glu126B). The PLS charge for a
structure in a given CcO reaction state is the sum of the Boltzmann averaged protonation of these
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six residues. The average ionization state for this structure is the average PLS charge over the 12
states in the reaction cycle. The integrated proton loading into the PLS region for one reaction
cycle (∆H+) is:
6
6
∆𝐻6 = ∑GHIJD KLCLH 𝐻BCD
− 𝐻BEF
,

(4.2)

6
where 𝐻BCD
is the maximum number of protons loaded into the PLS for each of the four redox
6
state (R, F, O and E) and 𝐻BEF
is the minimum protonation in the previous redox state. Analyses

of protons bound are obtained from MC sampling of the entire protein.

4.4.2.2 Energy map and proton binding energy of PLS
MC analysis samples low energy states but gives little information about states at very high
energy. Thus, if the protein is found in only one protonation state, we only know that other states
are at low probability. Here ≈4.5 million microstates are evaluated, which sets the limit on the
likelihood of finding rare states. A more direct analysis of the microstate energy uses the
enumerated energy of each protonation microstate of the six PLS residues (PRAa3, PRDa3,
Asp287, Asp372, His376 and Glu126B) within a fixed, averaged background from the rest of the
protein. The microstate energy here does not count for the entropy generating by the conformers
created in MCCE while the full analysis MC analysis of the entire protein, used to analyze the
proton pumping behavior above, does. There are sixty-four (26) discrete protonation microstates,
but approximately 1 million (106) conformer/protonation microstates as each residue has ≈10
conformations when the proton positions are sampled. The possible net charge ranges from -5 to
+1. There is 1 protonation microstate with a -5.0 charge (no protons) or +1 charge (maximally
protonated), 6 microstates at -4.0 and 15 with a charge of -3.0.
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All residues in the protein except those in the PLS cluster are fixed in the MCCE Boltzmann
distribution equilibrated in a given state of heme b and the BNC. Thus, the non-PLS residues act
on the PLS by their averaged charge and position (a mean-field approach). The interaction
BPH

between PLS conformer 𝑖 and the fixed, non-PLS conformers ( 𝑗) in the environment, ∆𝐺EO
BPH

∆𝐺EO

= 𝑃O ∆𝐺EO ,

, is:

(4.3)

where 𝑃O is the Boltzmann averaged occupancy of conformer 𝑗 previously determined in a free
MCCE calculation for that structure in a specific reaction substate, and ∆𝐺EO is interaction
between conformer 𝑖 of PLS residues and conformer 𝑗 of non-PLS residues.

The total energy of PLS microstate (MS), where 𝑥 is the conformer combination of the sixresidue PLS, is:
BPH

∆𝐺ST = ∑E∈D ∑O ∆𝐺EO

+ ∑E∈D(∆𝐺EVWV + ∆𝐺EKJX )
+0.5 ∗ ∑E∈D,O∈D,E^O ∆𝐺EO ,

(4.4)

where ∆𝐺EVWV is the interaction between the protein backbone and the conformer 𝑖 and ∆𝐺EKJX is
BPH

the solvation energy of conformer 𝑖. ∆𝐺EO

is given by Equation 3. ∆𝐺EO is the interaction

between conformer 𝑖 of one PLS residue and conformer 𝑗 of other PLS residues. The microstate
energy consists of three parts: the mean field energy giving the interaction between PLS residues
and the rest of the protein; and the individual interaction between the protein backbone and PLS
residue, plus the solvation energy of the PLS residues; pairwise energy, the pair-wise interactions
amongst the PLS residues, the factor of 0.5 corrects the interaction between PLS residues being
counted twice in the summation. See Figure S3 for a more complete description.
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The free energy of all PLS conformation and protonation microstates are determined in each
structure using the ∆𝐺ST calculated in each step of the reaction cycle. We will use the minimum
energy conformational microstate with the desired proton distribution to designate the energy of
each of the 64 individual PLS protonation microstates. Thus, this is the energy rather than the
free energy.

The PLS generally shows a loaded state with two protons loaded (a -3 net charge) and an
unloaded state with one proton (a -4 net charge). The free energy difference of PLS between
loaded and unloaded states in a specific structure in a specific MCCE substate is:
∆∆𝐺_`a` = 𝑚𝑖𝑛∆𝐺_` − 𝑚𝑖𝑛∆𝐺` ,

(4.5)

where 𝑚𝑖𝑛∆𝐺_` is the minimum energy of all microstates with a charge of -4 and the 𝑚𝑖𝑛∆𝐺` is
the minimum energy of all microstates with a -3 charge. A positive energy difference indicates
that PLS prefers to be loaded.
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4.5 Results and Discussion
4.5.1 Identification of the PLS residues and characterization of the proton
loading/unloading cycle
4.5.1.1 The highly interconnected residues that are candidates for the PLS of ba3 CcO
Proton Loading Site (PLS) of B-type CcO, which may be one residue or a group of residues
located between heme b and the BNC and the P-side surface (Figure 4.1), is investigated here.
The PLS residues will be identified by their transiently loading a proton during the CcO redox
driven proton pumping cycle [17,18,31,100,125,133–135]. The PLS must be connected to proton
pathways with alternating access to the N-side for loading and P-side for release. Here, the
MCCE hydrogen bond analysis previously used in a study of the aa3 CcO [123] was used to
identify residues that satisfy the requirements of location and connectivity. Twenty amino acid
residues and the four propionic acids are found in an interconnected, water mediated, cluster that
can form a hydrogen bond network and facilitate proton transfer through a Grotthuss mechanism
for proton transfer in the ba3 CcO. These include 4 basic amino acids (Arg225, 449, 450 and
His376), 3 acidic amino acids (Asp 287, 372, and Glu126B), and the 4 propionic acids of heme b
and heme a3 as well as 13 polar residues (Table 4.1). A report of the proton transfer pathways in
ba3 CcO is in preparation.

Table 4. 1 Residues linked by hydrogen bonds in the region of the Proton Loading Site in ba3
CcO
Organism

Residue ID
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Thermus

Asn45, Tyr46, Tyr65, Tyr133, Thr134, Tyr136, Arg225, Trp229, Asp287,

thermophilus Asn366, Asp372, Tyr373, His376, Asn377, Trp380, Arg449, Arg450, Glu126B,
(PDB ID:

Asn150B, Gln151B, PRAa3, PRAa, PRDa3, PRDa

3S8F)

Conserved residues in the PLS region.
Here we use the HSSP data to analyze the conservation of these residues. If the HSSP [102]
conservation weight > 0.6 and the amino acid type in the Thermus Thermophilus 3S8F
sequence is most the frequent, then this residue is considered to be conserved.
Thr134, Tyr65, Tyr133, Tyr136, Arg225, Asp287, Asn366, His376, Asn377, Trp380, Arg449,
Arg450, Asn150B are conserved. Asn45, Tyr46, Trp229, Asp372, Tyr373, Glu126B, Gln151B
are not conserved.

4.5.1.2 The imposed redox state changes to model the reaction cycle
The goal is to identify the residues within the PLS region and throughout the protein that change
protonation state when the redox state of the heme b and BNC protonation state are altered. The
R, F, O, E BNC redox states are divided by three sequential changes: one electron is transferred
to the BNC (ET); one chemical proton, which will be bound to BNC to reduce O2 to water, is
transferred to the BNC (PT); and then one electron added to heme b (+E) (Figure 2.1). The
change from one designated redox state to the next occurs at ET when heme b reduces the BNC.
The change of the redox states reflects the reduction of heme a3 or CuB (on ET), and the
protonation state change of the product bound in the BNC (on PT). The electron transfer from an
external cyt. c to CuA that precedes heme b reduction is not modeled here.
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MCCE brings the protonation states and the polar proton positions of all other residues into
equilibrium with the 12 redox/protonation states that define the imposed changes at heme b and
the BNC through the reaction cycle. The protein backbone and the side chain heavy atoms are
not allowed to move. Rather, structural diversity is added by analyzing 136 structure derived
from crystal structures and selected MD snapshots from trajectories with different redox and
protonation states (Table 2.2).

4.5.1.3 PLS residues that change protonation state as the redox state changes
The residues monitored as the PLS candidates do indeed bind and release at most one proton
when the redox and protonation states of the principle cofactors change. Six residues, the
propionic acids of heme a3, Asp287, Asp372, His376, Glu126B, either change their protonation
state or interact strongly with the residues undergoing protonation changes, often changing
position, so they cannot be separated from the cluster (Figure 4.1B and Figure 4.2A). These
residues form the PLS in the MCCE analysis of all the crystal structures and MD trajectories.
Additional, small ionization state changes are found in mostly surface residues that are
disconnected from the PLS proton transfer chains. These will not be discussed further. All other
residues in the PLS candidate region remain in their standard ionization state with Asp, Glu, Arg
and Lys ionized, His and Tyr neutral in MC sampling through the 12-step reaction cycle in all
input structures.
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Figure 4. 2 A) The position of CuB and Heme a3 and the 6 PLS residues identified here from
selected input structures showing the range of variation. The overlay minimizes the RMSD of
the whole protein. B) For the structures shown in 4.2A, the net charges of the six-residue PLS in
equilibrium with each of the 12 MCCE substates that model the reaction cycle. The imposed
charge on heme b and the BNC is -1 in Xe and X+e and zero in Xp substates (where X can be R,
F, O or E redox state). The BNC states are: R: (Fea3II, CuBI, Tyr-OH); F:(Fea3IV=O=, CuBII-H2O,
Tyr-O-); O:(Fea3III-OH-, CuBII-OH-, Tyr-OH); E: (Fea3III-OH-, CuBI, Tyr-OH). Heme b is reduced
in X+e and oxidized otherwise. See table 4.2 for a complete listing of the 12 individual substates.
The line colors identify the structures obtain given different input conditions. Blue: crystal
structures; Red: F+eMS16; Black: F+eMS14; Yellow: F+eMS5; Green: F+eMS2, Cyan: F+eMS0,
Purple: FeMS2, Orange: FeMS0. Fe and F+e is used both for the MCCE reaction substate and the
redox states of the trajectory that is the source of each structure. P3 differs from F3 in that the P3
has CuB(II)-OH-, while F3 has a proton added to the water on CuB (CuB(II)-H2O). MS identifies
the PLS protonation microstate assignments in MD (Table 2.2). MS0 has no protons in the PLS
(charge -5): MS2 has a single proton on PRAa3 while MS5 has a single proton on Asp372; MS14
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has two protons in the PLS on PRAa3 and Asp372; in MS16 they are on His376 and Asp372. The
thicker purple line is described as an example in the text.

Table 4. 2 Detailed description of substates in reaction cycle for b-type CcO
Substates

Re

Rp

R+e

Fe

Fp

F+e

Oe

Op

O+e

Ee

Ep

E+e

heme b

Ox

Ox

Red

Ox

Ox

Red

Ox

Ox

Red

Ox

Ox

Red

heme a3

Red

Red

Red

F=O

F=O

F=O

Ox

Ox

Ox

Ox

Ox

Ox

CuB

Red

Red

Red

Ox

Ox

Ox

Ox

Ox

Ox

Red

Red

Red

heme a3 ligand

OH-

H2O

H2O

O=

O=

O=

OH-

OH-

OH-

OH-

OH-

OH-

CuB ligand

H2O

H2O

H2O

OH-

H2O

H2O

OH-

OH-

OH-

OH-

H2O

H2O

Y237

YOH

YOH

YOH

YO-

YO-

YO-

YO-

YOH

YOH

YOH

YOH

YOH

Events

ET

PT

+E

ET

PT

+E

ET

PT

+E

ET

PT

+E

BNC charge

-1

0

0

-1

0

0

-1

0

0

-1

0

0

-1

0

-1

-1

0

-1

-1

0

-1

-1

0

-1

imposed
charge
There are four redox/ligation states for a reaction cycle in CcO, denoted as R, F, O, E. Each is divided
into three substates by redox/ligation state changes of key residues or cofactors throughout the cycle:
heme b, a3, CuB, Tyr237 and the ligands to heme a3 and CuB (substrate water or OH- or O2- ). The
redox/ligation state changes are induced by three events: ET: internal electron transfer from heme b to
BNC; PT: internal proton transfer to BNC; +E: electron transfer to heme b.

The substates division is similar to that used previously for A-type CcO in Lu et. al. [17]. However,
protonation/deprotonation of E286, which is at the end of D-channel, was part of the cycle in the A-type
CcO. E286-analog Ile235 in B-type is free titrated. There is no D-channel in B-type CcO so transitions
involving E286-analog are not included. Therefore, transitions from the X1 to X2 (where X can be R, F, O
or E) substate in A-type CcO, induced by E286 deprotonation, disappears in B-type CcO here.
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The O2 reduction chemistry takes place at R+e state when two waters produced at heme a3 and CuB are
released. O2 is bound to transition between R+e and Fe substates, following the redox equivalent
transformation and one electron transfer from heme b to the BNC [115,118]. In the transition between
F+e and Oe substates, a proton on the water ligated to CuB is transferred to the O2- ligated to heme a3
when an electron is transferred from heme b to reduce the ferryl in heme a3.

Figure 4.2B shows the net charge change of the PLS monitored for 13 structures, including one
crystal structure and several snapshots from each trajectory, that demonstrates the range of
behavior seen for all structures. The fractional proton binding is the Boltzmann averaged charge
of the 6 residues in the PLS cluster. In MC sampling a defined microstate gives each residue a
specific protonation state and so has an integer charge. The non-integer Boltzmann averaged
protonation reflects that accepted microstates have different protonation states. The bold line will
be initially described, which is the results of the analysis of a snapshot from the FeMS2 trajectory
(Table 2.2), as an example for proton loading/unloading behavior.

Starting in the R+e substate (the BNC in the protonated R state with heme b reduced) the PLS
residues shown by the bold line in Figure 4.2B have a net charge of -3.99. When the electron is
moved from heme b to the BNC (generating the Fe substate) on average 0.60 proton is loaded
into the PLS. Proton binding to the BNC substrate (Fp), leads to proton unloading from PLS and
the recovery of a -4.0 PLS net charge. There is little change in PLS protonation when heme b is
reduced (F+e). The cycle continues through O, E and back to the R state, with each redox state
having a different distribution of electrons and protons in the BNC.

Comparing the protonation in all 136 input structures, the PLS never binds more than one proton
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during the proton uptake phase, however it can bind less. The PLS has the maximal proton
loading in the Xe substates, formed when the electron is transferred from heme b to the BNC.
This step has been previously suggested to trigger proton loading [118]. After proton transfer to
the BNC to form the Xp substates, the PLS proton affinity decreases, releasing the loaded proton.
Reduction of heme b to form X+e increases the PLS proton affinity by a small amount, initiating
the PLS loading that is finalized for this piece of the cycle when the electron is transferred from
heme b to the BNC. However, Figure 2 shows variation in the proportion of proton loaded upon
heme b reduction (X+e) and electron transfer to the BNC (Xe). The imposed net charge in X+e
and Xe are the same (-1) but the motion of the electron from heme b to the BNC is coupled to
substantial proton loading.

4.5.1.4 Integrated proton loading provides an estimate of the maximum proton pumping
As can be seen in Figure 4.2 the proton uptake is somewhat different in each redox state through
the cycle as the same net charge is distributed differently within the BNC (Table 4.2). For
example, protonation of the BNC (Xp) always reduces the PLS proton affinity favoring proton
unloading. Among all the analyzed structures, Ee (65%) or Re (68%) substate (at some structures,
they have equal maximum proton loading) has the most protons loaded, while in 97% of the
structures the Fp substate has the fewest protons bound.

Therefore, integrated proton uptake (∆H+) of the PLS cluster for the four-electron reduction
cycle is calculated to model the maximum protons pumped in a given structure. It is the sum of
the protons loaded in each redox state calculated by Equation 4.2, starting from the same
beginning and end (Rp in Figure 4.2B) of the reaction sequence, forming a reaction cycle. For the
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structure followed by the bold line in Figure 4.2B the integrated proton uptake is 2.45 protons.
For all investigated structures the integrated proton uptake ranges from 0 to 3.51 protons (Table
4.3, Figure 4.3B). It is never 4.

4.5.2 Structures can respond to the changes through the reaction cycle or be locked in
loaded or unloaded state
4.5.2.1 The stoichiometry of protons loaded in different structures
During the reaction cycle the protein will relax as the PLS binds protons in response to the
changes in the cofactor redox/protonation states. Changes in protein structure may help the PLS
maintain the loaded or unloaded protonation state for sufficient time to remain in sync with the
opening and closing of the proton transfer channels so that protons are bound from the N-side
and released to the P-side. It is not (yet) possible to keep the conformational and protonation
states fully at equilibrium. Thus, MD trajectories allow the protein to explore conformational
space with fixed redox/protonation states in a limited window of time (50 ns here). MCCE can
bring the protonation states to equilibrium with the imposed redox/BNC protonation states, but
with a rigid backbone. Evaluating all of the input structures we see that in some cases the PLS is
active and changes its net charge through the CcO reaction cycle, while in others the PLS is fixed
in the -3 (loaded) or the -4 (unloaded) state. A few structures support the loss of an additional
proton to have microstates with a -5 charge. The question is what differentiates these input
structures to favor different protonation states for the PLS.

4.5.2.2 Choice of structures for additional analysis of proton loading
A meta-analysis was carried on the seven MD trajectories, clustering the positions of these six
PLS residues [71–73]. One structure in each of the 124 conformational clusters were used in
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addition to the 12 crystal structures, that are analyzed through the cycle of different BNC
redox/protonation states.

Each structure was characterized in a variety of ways, described in Figure 4.3. The average
ionization state of the PLS charge through the complete 12-substate reaction cycle gives a
weighted average of the PLS proton affinity through the reaction cycle. The integrated proton
uptake shows the flexibility of the system to respond to the different changes in the BNC. If
there is no back-proton transfer this is the maximum number of protons pumped through the
reaction cycle for the given structure. The proton binding energy, the energy difference between
loaded PLS cluster and unloaded PLS cluster, describes the energy PLS cluster need at least to
overcome to get protonated, representing proton affinity of the PLS cluster in a given structure.

As proved above, PLS cluster changes its net charge between -4.0 to -3.0 when pumping.
Therefore, the proton binding energy (∆∆𝐺_`a` ) is defined by the lowest enumerated energy
loaded (-3) and unloaded (-4) microstate. For simplicity the unique lowest energy microstates
rather than the Boltzmann averaged energy of the microstates with that charge is used. Thus, the
comparison is of the energy difference here, while the MC sampling provides the free energy of
the system. The protons bound in Ee (loaded) and Fp (unloaded) reaction substates yield the
maximum and minimum PLS charge state in most structures. Therefore, these two substates are
chosen for the detailed analysis of the PLS microstate energy.

4.5.2.3 Characterization of structures by their proton loading characteristics
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A

loaded
unloaded

B

C

loaded unloaded

loaded

unloaded

Figure 4. 3 The schematic at the top shows that on the left the unloaded state is favored, in the
middle the two charge states have similar energy and on the right the loaded state is at lower
dH
energy. Thus, the more positive ∆∆𝐺_`a`
favors proton loading; A) dot: The average of the MC

determined ionization state in the 12 imposed states in the reaction cycle, the dot color follows
the scheme described in Figure 2; Line: minimum to maximum charge found in the cycle; x-axis:
dH
The proton binding energy (∆∆𝐺_`a`
). B) Dots are the integrated proton uptake through the full

reaction cycle (Equation 4.2). The dot color follows the scheme described in Figure 4.2. In A and
dH
B, protonation changes are determined from MC sampling of the whole protein. The ∆∆𝐺_`a`
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is obtained from enumeration of the energy of all possible microstates of the 6 residues in the
PLS cluster (Equation 4.5).

The average ionization, integrated proton uptake and proton binding energy of PLS cluster for all
136 investigated structures are expressed in Figure 4.3. In Figure 4.3, the x-axis follows the
energy difference between the lowest energy microstate with a -3 and -4 charge in the Ee substate
dH
(∆∆𝐺_`a`
). Figure 4.3A characterizes each structure by the charge determined by MC sampling

averaged over the full 12 step reaction cycle (dot), while the vertical line shows the minimum
and maximum net charge through the cycle. Thus, the bottom of the vertical line is the charge on
the PLS in the most unloaded state in the reaction cycle (usually Fp) while the top is the charge in
the most loaded state (usually Ee).

Figure 4.3B shows the integrated proton uptake (∆H+) determined by MC sampling during a
reaction cycle for each structure (Equation 2). Structures have zero proton uptake if they are
fixed loaded with a charge of -3 or fixed unloaded with a charge of -4. When there is a large
difference between the minimum and maximum protonation for the cluster the integrated proton
uptake reaches a maximum of 3.51.

Figures 4.3A and B summarize the ability of the PLS to load and unload protons through the
reaction cycle. Of the 136 structures analyzed by Monte Carlo sampling of the full protein, 23
structures have high proton affinity and never release a proton keeping two protons with a charge
of -3 in the PLS. Seven structures have low proton affinity and remain unloaded through the
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reaction cycle with one proton and a net charge of -4. The remaining, 106 input structures change
the charge of the PLS as MCCE walks through the imposed reaction cycle. The PLS ionization
state usually sits between -4 to -3. Therefore, a charge of -3, with two protons in the PLS, is
considered as the loaded ionization state and the charge of -4, with one proton in the PLS is
unloaded. There are 6 structures begins to bind a third proton, and it has an average ionization
range of -2.99 ~ -2.96. Sixteen structures have a very low proton affinity where a fully
deprotonated microstate with a charge of -5 can be formed. The minimum, average charge for
this group is -4.40 indicating that the -4 and -5 states are close in free energy. These structures
are all from the FeMS0/F+eMS0 trajectories, which imposed a -5 PLS charge which may over
stabilize this fully deprotonated state.

The proton binding energy (∆∆𝐺_`a` ), energy difference between the enumerated microstates
with -3 and -4 charge, is found to determine much of the observed behavior of the cluster. When
the difference between loaded (-3) and unloaded (-4) PLS state is positive, the PLS is favored
being loaded. But if it is too positive, the energy change induced by a proton transfer to BNC, is
not enough to cause the PLS to release the loaded proton. If the energy is too negative the proton
will never be bound when the BNC is reduced.

4.5.2.4 Division of structures based on their proton loading ability
From the proton pumping behaviors of all the investigated structures, PLS cluster can be active
in pumping protons or trapped at unloaded/loaded state. Table 4.3 categorizes the structures
based on the average ionization state of the PLS and the proton uptake behavior shown in Figure
dH
4.3. When the ∆∆𝐺_`a`
is larger than 8.4 kcal/mol, the protein is fixed in the loaded state (23
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structures in category 1 in Table 4.3). Thus, the energy difference induced by changes in the
redox/protonation states of heme b and the BNC is insufficient to shift the proton affinity enough
that the cluster will bind or release a proton. Category 1’ contains 6 structures with mean -2.99
average ionization state and mean 0.18 integrated proton uptake. Thus, although these structures
have a high proton affinity, the states with a net charge of -2 are not energetically accessible.

Table 4. 3 Summary of all investigated structures
# of
Category

1

Behavior

analyzed
structure2

Integrated
# of

Average

snapshots3

ionization4

471

-3.00

proton uptake
range5

∆∆GEeUL-L

∆∆GFpUL-L

Range6

Range7

Fixed
8.51 ~
1

loaded

23

0.00 ~ 0.05

3.59 ~ 8.23
13.76

(-3)
loaded*
1’

-2.99 ~ 6

187

(-3)

2.96

Active
2

8.41 ~
0.07 ~ 0.44

-3.99 ~ 84

2257

3.25 ~ 8.34
12.83
-3.38 ~

-9.51 ~

8.38

1.82

-4.41 ~ -

-9.80 ~ -

2.06

4.80

-4.72~ -

- 9.45 ~ -

2.31

3.81

0.07 ~ 3.51

(-4 to -3)

3.02

Fixed
3

unloaded

7

153

-4.00

0.00 ~ 0.41

(-4)
Active
4

-4.40 ~ 16

442

0.15 ~ 1.98

(-5 to -4)

4.00

Seven MD trajectories (Table 2.2) are analyzed by a meta-analysis to cluster the positions of these six
PLS residues using MD analysis [71–73]. One structure in each conformational cluster was used. There
are 124 snapshots chosen from the seven MD trajectories added to the 12 crystal structures analyzed.
1

The total 136 analyzed structures are categorized to 5 groups based on the average ionization state of

the PLS and the proton uptake behavior shown in Figure 4.3.
2

The number of analyzed structures shows how many structures out of the 136 analyzed are in this
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category.
3

The number of all snapshots in one category shows how many snapshots, including the one chosen to

be analyzed are in this cluster in the seven MD trajectories.
4

Average ionization is calculated by averaging the net charge of the six-residues of the PLS along the 12-

substate reaction cycle.
5

Integrated proton uptake is calculated by Equation 4.2, showing the proton uptake along the reaction

cycle.
6

∆∆GEeUL-L is the energy difference between the lowest energies of loaded state and unloaded state of

PLS at substate Ee, calculated by Equation 4.5.
7

∆∆GFpUL-L is the energy difference between lowest energies of loaded state and unloaded state of PLS at

substate Fp, calculated by Equation 4.5.

dH
When ∆∆𝐺_`a`
is between ≈-2.9 to ≈8.4 kcal/mol, the integrated proton uptake increases

monotonically and reach the vertex at the energy of around -2.7 kcal/mol, then decreases
gradually with the proton binding energy (84 structures in category 2). These structures yield an
average ionization state between -4 and -3 and the integrated binding from 0.07 to 3.51. These
structures are in an active state, where the loaded and unloaded states are close enough in energy
so their probability is tuned by changes in heme b and the BNC.

dH
dH
When ∆∆𝐺_`a`
is around -2.9, the system is in transitions. Generally, if the ∆∆𝐺_`a`
is more

negative than -2.9 kcal/mol then the system is fixed in the unloaded state with net charge -4
(category 3) or switches to load and unload protons between the -5 and -4 ionization states
(category 4). This suggests the PLS loading/unloading cycle generally functions between
ionization state -4 to -3, but the -5 to -4 transition can be accessible.
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Thus, in addition to the redox/protonation states imposed in the MCCE calculation, the input
structure modulates the PLS proton affinity and that determines the ability of the PLS to load and
unload protons. The energy difference between the loaded and unloaded protonation states must
be ‘just right’ for the redox cycle to change the protonation state (schematic at the top of Figure
4.3).

4.5.3 Where are the protons in the PLS?
The net charge of PLS cluster switches between -4 and -3 majorly, transiting from one proton
loaded to two protons loaded. However, there are six residues consisting of the PLS cluster.
Where the protons prefer to stay in the PLS cluster at different structures and substates is
interesting. Here the energy map of PLS cluster, with the total 64 pronation microstates, for all
the 136 investigated structures are obtained to analyze. The lower energy of a protonation
microstate of the PLS cluster, the higher probability the protonation microstate will the PLS
cluster be in.

Figures 4.4 and 4.5 summarize the distribution of the favored, distinct protonation microstates
for the structures grouped into 5 categories by their proton loading behaviors (Table 4.3). Of the
64 possible protonation states, only those with a charge state of -5 to -2 have low enough energy
(within 10 kcal/mol of the minimum) to have any microstate occupancy, so those with a net
charge of -1, 0 and 1 are not shown. The ordering of microstates within a given charge is
random; the structures within a category (along the x axis) are ordered by the average ionization
state of PLS (dot in Figure 4.3A). The small black boxes show the highest probability, lowest
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energy microstate for that structure. Microstates with energies ≈3kcal/mol above the lowest
energy state are orange, with yellow and white regions at still higher energy.

As the PLS cluster loads proton at Ee substate, and unload proton at Fp substate, the protonation
microstate of PLS cluster will change at the transition between Ee and Fp substate. This suggests
that the energy map of PLS cluster will differ if the structure is in active pumpint state. Figure
4.4A represents the energy map in the loaded, Ee state, while 4.4B describes Fp as the unloaded
state. Figure 4.5 shows the position of the protons in the five most populated microstates. Each
of these five states have PRDa3, Asp287 and Glu126B ionized, while the protonation of PRAa3,
Asp372 and His376 vary. The lowest energy microstates are almost always MS 14 and 16 with a
charge of -3; and MS 2 and 5 with a charge of -4 and MS 0 with a charge of -5. In structures at
higher, but still accessible energy PRDa3 or Glu126B are protonated.

Almost all structures which are fixed in the loaded state (category 1) are in MS 16 with His376
and Asp372 protonated (Figure 4.4). Category 2, which can load and unload protons through the
reaction cycle, shifts the position of the low energy states (black boxes) when comparing Figure
4.4A (favors loading) and Figure 4.4B (favors release). The category 2 structures have MS 14
(Asp372 and PRAa3 protonated) as the predominate loaded species and MS 5 (Asp372
protonated) as the unloaded microstate. Category 3 which is fixed in the unloaded state or
category 4, which can access the -5 net charge state tend to have PRAa3 protonated (MS 2).
Thus, we see that structures that have locked protonation states (category 1 and 3) choose
different proton positions than the active structures (category 2). So there is an active (MS 5)
and a locked (MS 2) unloaded state as well as an active (MS 14) and locked (MS 16) loaded
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state.

ef
dH
Figure 4. 4 Map of ∆𝐺ST
(A) and ∆𝐺ST
(B). The protonation microstates are numbered from 0

to 63 while the structures from 0 to 135. The microstate numbering is sorted by average
ionization state of PLS ascending, from -5.0 (zero protons bound) to -2.0 (3 PLS protons). More
positive PLS states are all at unattainable energy and are not shown. The structures are sorted
along the x axis by the proton pumping categories (Table 4.3). Black boxes show microstates
with lowest energy: MS 0, no proton on PLS; MS 2, a proton on PRAa3; MS 5, a proton on
Asp372; MS 14, a proton on Asp372 and PRAa3, MS 16, a proton on Asp372 and His376 (Figure
4.5). Orange boxes: Less probable, but accessible microstates. The energy bar shows relative
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energy difference in kcal/mol. For each structure the microstate with minimum energy is shifted
to 10-2 kcal/mol (to allow the energies to be plotted on a log scale) and all other microstate
energies use this as the reference. The log of the energy is used so that a wider range of energies
can be visualized.

Figure 4. 5 Lowest energy protonation microstates (Figure 4.4). Protonation states of H376,
Asp372 and the PRAa3 are shown. In these high probability states Asp 287, Glu126B and the
PRDa3 are always ionized. MS numbering is the same as Figure 4.4. MS 14 and MS 16 have a
PLS charge of -3; MS 2 and MS 5 have a charge of -4; and MS 0 a charge of -5. MS 16 is
locked loaded; MS 14 and MS 5 are close in energy, so their population is modulated by the
BNC and heme b charge in the reaction cycle. MS 2 can be locked unloaded or moved to MS 0
through the imposed reaction cycle. The orange filled ellipsoids represent active microstates,
while green filled ellipsoids the locked states. The red outline of ellipsoid indicates the PLS is in
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an unloaded state while the blue outline indicates a loaded state. The MS 0 is shown in grey
filled ellipsoid and a thicker red outline indicating a more negative state. The dashed arrows from
MS 2 to MS 14 and MS 5 to MS 16 show highly unfavorable moves from a locked to an active
microstate with a different number of protons.

4.5.4 Elements of the structure that lead to different proton pumping behavior
4.5.4.1 Control of the PLS proton affinity by changes in heme b and the BNC
The calculations reported here show two dimensions that control proton uptake. The changes to
heme b and the BNC that are explicitly modulated here through the 12 imposed states can lead to
a cycle of proton binding and release when the free energy difference between the -3 and -4 state
dH
at Ee substate (∆∆𝐺_`a`
) is between roughly -2.9 and +8.4 kcal/mol. Considering all structures,
ef
dH
∆∆𝐺_`a`
favors proton binding by ≈5.4 kcal/mol more than ∆∆𝐺_`a`
, which represents the

amount that direct changes from the active sites modulate the PLS proton affinity (Figure 4.6).

A similar comparison between the free energy of loaded and unload states in all structures is
eH
made for different imposed reaction states (Figure 4.6). ∆∆𝐺_`a`
favors proton binding by ≈3.3
ef
kcal/mol more than ∆∆𝐺_`a`
, which shows how the PLS proton binding energy that is decreased
e6H
when a chemical proton is added to the BNC. ∆∆𝐺_`a`
favors proton binding by ≈1.3 kcal/mol
ef
more than ∆∆𝐺_`a`
, which represents the increase in PLS proton affinity when an electron is

transferred to heme b. This small change on heme b reduction is why the structure must have the
loaded and unloaded states close in energy to have reduction of the heme b and then of the BNC
lead to significant changes in PLS protonation. There are also variations due to the exact charge
distribution in each of the four CcO redox states (Figure 4.2).
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Figure 4. 6 The relationships in all structures between ∆∆GFpUL-L and ∆∆GEeUL-L (black) /
∆∆GFeUL-L (red) / ∆∆GF+eUL-L (blue). The fitting slope and intercept are 0.98 and 5.39 kcal/mol
respectively for relationship between ∆∆GFpUL-L and ∆∆GEeUL-L, while they are 0.97 and 3.31
kcal/mol for relationship between ∆∆GFpUL-L and ∆∆GFeUL-L, 1.01 and 1.28 kcal/mol for
relationship between ∆∆GFpUL-L and ∆∆GF+eUL-L, showing the difference in ionization energy
imposed by heme b and the BNC.

Thus, the PLS affinity change is most strongly modulated by the electron transfer to the BNC
and only slightly increased by the electron transfer to heme b, a ranking that had been proposed
earlier in the A-type CcO [118]. Earlier MCCE studies on A-type CcO [17] did show that
reduction of heme a (the analog of heme b here) plays a larger role in starting the proton uptake
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phase of the reaction. However, the aa3 CcO showed a more significant contribution of the
propionic acids of heme a3 in the PLS, so the reduction of that heme has a larger impact on the
PLS proton affinity.

4.5.4.2 The interactions with the protein that yield the range of PLS proton affinity
dH
∆∆𝐺_`a`
, the proton binding energy of PLS at Ee substate, varies from -4.7 kcal to 13.8 kcal

among different structures. If the PLS proton binding energy is too positive, which means that
the proton affinity of PLS is too high, changes in heme b and the BNC will not be enough to get
protons to release, or if it is too negative, then protons will not be bound. The factors in the
analysis that determine the proton binding energy were separated into three terms: the solvation
energy of the cluster, pairwise interactions amongst the residues within the cluster and the
averaged electrostatic interactions with the other residues in the protein (Figure 4.7). The
dH
energies that contribute to ∆∆𝐺_`a`
were determined independently for each structure. For a

given charge state the cluster solvation energy does not change significantly between different
structures. Likewise, the averaged interactions with the rest of the protein is also relatively
constant even when comparing different trajectories and the crystal structures. It strongly favors
the negative charge on the cluster by -20 kcal/mol/e using the force field in MCCE. This strong
constant positive potential is essential to stabilize the net negative charge in the local region of
the PLS. The differences amongst the various structures is thus dominated by the interactions of
the side chains with the backbone dipole and most importantly by the changes in pairwise
interactions amongst the closely spaced residues in the cluster.
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Figure 4. 7 A) The energy difference between loaded and unloaded PLS for different strctures in
Ee substate. Color of each bar represents different input structure. Blue: crystal structures, Red:
F+eMS16, Black: F+eMS14, Yellow: F+eMS5, Green: F+eMS2, Cyan: F+eMS0, Purple: FeMS2,
Orange: FeMS0. B) The detailed contribution to the energy difference between loaded PLS and
unloaded PLS in the Ee substate for different structures. Red line: pairwise interactions amongst
the 6 PLS residues; Blue line: solvation energy and interaction with backbone dipoles; green
line: mean field interaction energy with all other resides in the protein. The structures in A) and
B) are both sorted along the x axis by the proton pumping categories (Table 4.3).

4.5.4.3 Protonation of the MD trajectory influences the behavior
The different input trajectories lead to structures that sort into different proton uptake categories
(Table 4.4 and Figure 4.3, 4.8). From Figure 4.3, structures from different input trajectories have
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different distributions on proton binding energies and proton uptake behaviors. For all F+e
dH
trajectories, the proton binding energy (∆∆𝐺_`a`
) increases gradually for structures from

F+eMS0, F+eMS2, F+eMS5, F+eMS14, to F+eMS16. The structures from F+eMS0 and F+eMS2 has
increasing proton uptake with increasing proton binding energy, while the ones from F+eMS5 and
F+eMS14 decreasing. And F+eMS16 structures are all locked at loaded state as crystal structures.
It supports the mechanism put forward here that the PLS cluster may go through from MS 0
protonation microstate, to MS 2, MS 5, MS 14 and the locked state MS 16. The structures from
Fe trajectory in MS 2 has a lower but broader proton binding energy distribution than F+e
trajectory in MS 2. It reflects how the redox state change of BNC affects the pumping behavior
of the PLS cluster. Structures from FeMS0 have over low energy that it begins to lose all the
protons in PLS cluster. From the comparison, CcO in Fe state has lower proton binding energy
than in F+e state and the difference is almost equal to the difference induced by one protonation
microstate transition of PLS cluster. It infers that the protonation microstate transition of PLS
cluster couples with the redox state transition of BNC.

All crystal structures have a very high PLS proton affinity, and never release protons being
locked, loaded with the protons on His376 and Asp372 (MS 16) independent of the imposed
heme b and BNC charges. Thus, crystal structures represent a locked, loaded configuration. MD
trajectory run with those sites protonated (Fe+eMS16) return structures that are locked in this
loaded conformation. While structures from MD trajectory with protonated PRAa3 and Asp372
(MS 14) is in loaded state, they are active to lose a proton from PRAa3 and become MS 5, which
is consistent with the proposed mechanism here.
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Table 4. 4 Detailed statistics for all crystal/MD trajectory structures.
Integrated
# of
Trajectory1

Input
analyzed
conditions

Average
proton
uptake3

ionization4

∆∆∆
∆∆GEeUL-L5

∆∆GFpUL-L6

GEeFp7

structures2
mean

std

mean

std

mean

std

mean

std

FeMS0

P3: PRAa3-

17

0.65

0.66

-4.08

0.13

-2.78

1.08

-6.70

1.61

3.92

FeMS2

P3’: PRAa3H

24

0.96

1.01

-3.89

0.14

-0.57

2.67

-6.12

1.41

5.55

F+eMS0

F3: PRAa3-

21

0.60

0.52

-3.97

0.09

-1.91

1.41

-6.28

1.57

4.37

F+eMS2

F3': PRAa3H

19

2.46

0.80

-3.63

0.19

2.38

1.70

-4.47

1.44

6.85

F+eMS5

F3'': D372H

14

1.88

0.63

-3.39

0.24

3.43

1.25

-2.84

1.65

6.27

16

1.17

1.00

-3.15

0.16

6.42

2.43

-0.24

2.94

6.66

13

0.03

0.04

-3.00

0.00

11.03

1.13

6.08

1.22

4.95

12

0.01

0.02

-3.00

0.00

11.88

1.66

6.84

1.57

5.04

F3'''*:
F+eMS14

PRAa3H,
D372H
F3''': H376H,

F+eMS16
crystal

D372H
Crystal

1

All MD trajectory redox and protonation states are given in Table 2.2.

2

The number of analyzed structures shows how many structures out of the 136 analyzed in this trajectory.

3

Integrated proton uptake is calculated by Equation 4.2, showing the proton uptake along the reaction

cycle. The mean and std are the mean and standard deviation of integrated proton uptakes for the
analyzed structures in the trajectory.
4

Average ionization is calculated by averaging the net charge of six-residue PLS along the 12-substate

reaction cycle. The mean and std are the mean and standard deviation of average ionization for the
analyzed structures in the trajectory.
5

∆∆GEeUL-L is the energy difference between the lowest energies of loaded state and unloaded state of

PLS at substate Ee, calculated by Equation 4.5. The mean and std are the mean and standard deviation
of ∆∆GEeUL-L for the analyzed structures in the trajectory.
6

∆∆GFpUL-L is the energy difference between the lowest energies of loaded state and unloaded state of

PLS at substate Fp, calculated by Equation 4.5. The mean and std are the mean and standard deviation
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of ∆∆GFpUL-L for the analyzed structures in the trajectory.
7

∆∆∆GEe-Fp is the energy difference between mean of ∆∆GEeUL-L and mean of ∆∆GFpUL-L in the trajectory.

Trajectories were initially prepared with the fully deprotonated PLS (MS 0) as suggested by
earlier studies of the number and position of the protons in the B-type CcO. The unloaded
structure was proposed to have no protons (-5) charge here, with the proton loaded to PRAa3 or
other residues in the cluster identified here [37–41,137]. A different model emerges here, where
the unloaded PLS retains one proton, while it has two in the loaded state, similar to that
suggested in [124]. There are a few structures derived from F+eMS0 state trajectories that retain
the ability to load protons, cycling between a charge of -4 (MS 2 with the proton on PRAa3) and 5 (MS 0), but many remain locked in MS 2. We suggest that the MS 0 state with a charge of -5
may be over stabilized within the trajectory with a hyper-charged PLS.
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ef
dH
Figure 4. 8 Map of ∆𝐺ST
(A) and ∆𝐺ST
(B) showing the impact of the conditions used to

generate the input structure. The protonation microstates are numbered from 0 to 63 (y axis)
while the structures from 0 to 135 (x axis). The microstate numbering is sorted by average
ionization state of PLS ascending, from -5.0 (zero protons bound) to -2.0 (3 PLS protons). More
positive PLS states are all at unattainable energy. The structures are sorted along the x axis by
the input structure conditions (Table 4.4). Black boxes show microstates with low energy: MS 0,
no proton on PLS; MS 2, a proton on PRAa3; MS 5, a proton on Asp372; MS 14, a proton on
Asp372 and PRAa3, MS 16, a proton on Asp372 and His376 (Figure 4.5). Orange boxes: Less
probable microstates. The energy bar shows relative energy difference in kcal/mol. The
minimum energy of all microstates for a structure at the substate is reset at 10-2 as the energy
base, the energies of other microstates are scaled by the energy base.
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In MCCE analysis structures with a proton on Asp372 (MS 5) are active for loading and
unloading and the snapshots from a trajectory with this input protonation state all change
protonation through the imposed reaction cycle (Figure 4.8). In the MCCE calculations
microstates where the proton is on PRAa3 (MS 2) are trapped in the unloaded state. Trajectories
run with this protonation show a mixture of behaviors, that appear to also be sensitive to the
BNC protonation states. Thus with CuB(II)-OH- (FeMS2) tend to be locked, unloaded though
some are capable of loading. The trajectory where the water on CuB has been protonated
(CuB(II)-H2O, F+eMS2) produces snapshots which are active, highest proton uptake, changing
protonation states through the reaction cycle. Consistent with the model here protonation of the
BNC is the trigger for unloading and the trajectory with the added proton in the BNC may have
captured some element of coupling that favors active, proton-release form the PLS. Snapshots in
trajectory with protonated Asp372 (F+eMS5) tend to load the proton on His376 instead of on
PRAa3, which happens in snapshots in trajectory with protonated PRAa3 (F+eMS5). It may
because that the state of MS 14 is not stable and is quickly transit to MS 16 to lead to locked
state. Analysis of more trajectories in different state would be needed to yield a more complete
picture.

4.5.4.4 Structural change in different proton pumping behaviors
Intra-cluster structural variations move the free energy difference between loaded and unloaded
dH
states of the PLS (∆∆𝐺_`a`
) into an active region or deepen the difference between the charge

states to fix the protein in the loaded or unloaded state. The distances between different PLS
residues were examined (Figure 4.9). Four different distances that correlate with the PLS
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behavior (Left panel) as well as with the trajectory from which the snapshots were derived (Right
panel) are shown. In all cases the PLS becomes more compact as the proton loaded state
becomes lower in energy (to the right). In the hyper-unloaded category 4 or locked, unloaded
(category 3), many snapshots come from the trajectory with a charge of -5, which increases the
repulsion between the cluster side chains. On the right portion of each figure are the locked and
loaded structures either derived from the crystal structure or trajectories with a proton on His376
and Asp 372 (MS 16). Here the His376 is within hydrogen bonding distance of PRAa3 and
Glu126B, while Asp372 can hydrogen bond with PRAa3. As the PLS proton affinity diminishes
these distances get longer, moving out of hydrogen bonding range.

Trajectory with protonated Asp372 (F+eMS5) has Asp372 and His376 both within the hydrogen
bonding distance of PRAa3, same as trajectory with protonated Asp372 and His376 (F+eMS16).
However, snapshots in F+eMS5 trajectory is active and can load and lose proton with BNC redox
reaction cycle in MCCE analysis, while snapshots in F+eMS16 is locked in loaded state. The
difference in the structure may come from the distance between His376 and Glu126B. F+eMS5
has longer distance between His376 and Glu126B, while His376 of F+eMS16 is within strong
hydrogen bonding distance of Glu126B (Figure 4.9F). Snapshots of F+eMS2 and F+eMS14
trajectory has His376 out of hydrogen bonding range of PRAa3, that may be the reason that
snapshots of F+eMS2 loads proton on PRAa3 instead of His376 in snapshots of F+eMS5 trajectory.
FeMS0 and F+eMS0 trajectories mostly have longer His376-PRAa3, Asp372-PRAa3 and His376Glu126B distance. These suggest that hydrogen bonds among Asp372-PRAa3, His376-PRAa3,
and His376-Glu126B may couple together leading to different proton pumping behavior of PLS
cluster. When no hydrogen bonds exit in PLS cluster, and Glu126B is far apart from His376,
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PLS cluster favors in hyper-low state or fixed unloaded state. After Asp372 creates the hydrogen
bond with PRAa3, PLS cluster is in active state and can load protons on Asp372 and PRAa3 with
BNC redox reaction. When His376 moves closer and is hydrogen-bonded with PRAa3 but
Glu126B is still far, proton on PRAa3 is able to jump to His376. Then Glu126B moves close to
His376, and PLS cluster is completely locked in loaded state.

Changes in the position of His376 and Glu126B are seen in the MD trajectory with protonated
PRAa3 and Asp372 (F+eMS14) that may facilitate proton motion towards the P-side. Earlier
simulations examined a possible role for His376 protonation/rotation and here His376 is found to
rotate in the Fe+eMS14 (active loaded state) MD trajectory after around 19ns, moving into the
conformation suggested earlier [124]. Here the Nd moves away from PRAa3, breaking the
hydrogen bond with PRAa3. Glu126B rotates the two oxygen positions after around 30ns (Figure
S7), as well as in FeMS0, FeMS2, F+eMS0 and F+eMS2 trajectories. This suggests that MS 14 is
not stable and His376 may remove the proton from PRAa3 and then rotate to lock the PLS in the
loaded state after Glu126B comes closer to His376. Then Glu126B rotates and outlets the proton
to P-side.

Interestingly, the distance that may correlate most strongly with the ability of the PLS to load
and unload is between Asp287 and His376 (Figure 4.9A and 4.9B). These two residues are on
the P-side of the PLS cluster (top of Figure 4.2A). They are never close enough to form a
hydrogen bond, as the distance ranges from ≈5.5 to 11 Å. The protein is in the most unloaded
state when these residues are further apart and the proton affinity increases as they move
together. One might speculate that sitting at the top of the PLS a pathway opens to unload, while
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it closes perhaps trapping the proton both thermodynamically (as established here) and
kinetically as they move together.

Figure 4. 9 PLS structure changes. The x-axis is ordered by (left, Figure A, C, E) the average
PLS charge (red dot in figure 3A) and (right, Figure B, D, F) Input trajectory (Table 1). In either
case structures locked in the unloaded state are on the left; the structures that can participate in
active loading and unloading are in the middle and those locked in the loaded state are on the
right. The distances changes between Asp287 and His376, PRAa3 and Asp372, PRAa3 and
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His376, His376 and Glu126B are shown individually. The distances plotted are the minimum
distance between either side chain oxygen or side chain nitrogen.

4.5.5 Mechanism for proton loading and unloading in the PLS
4.5.5.1 Interplay of locked and active protonation microstates in the PLS
The model emerging is that there are two forms for both loaded (PLS charge -3) and unloaded (4) structures (Figure 4.5). When a structure favors the -3 charge state with a proton on the
His376 the -4 charge state is inaccessible; while when the proton is localized on the PRAa3 the
state where this proton is lost is close in energy. Likewise, when the deprotonated state keeps the
single proton on the propionic acid, the structure will not regain the proton, while when the lone
proton is on the Asp372 a second proton can be bound. This may be similar to activation and
inactivation process in voltage gated ion channels, which have conformational change when
channels are active open to block the channel and transit to inactive state [138].

A system that behaves in this mechanism has advantages as a pump since the location of the
proton in the PLS can differentiate states that are longer lived (fixed) or more dynamic, while
this model cannot be proved here. In the calculations reported here we could not dynamically
couple the state of the active site, the PLS protonation states and the protein structure. Rather the
structural changes are generated in MD, while MCCE then brings the protons to equilibrium in
each structure. These are relatively short trajectories, which will not fully relax around the
imposed states, but the source of the input structure significantly impacts the PLS proton
pumping behavior. This suggests that with time the protein may move more slowly to stabilize
dynamic loading/unloading states into states that favor more fixed loaded or unloaded PLS
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states.

If there are transitions between locked and dynamic protonation states for both loaded and
unloaded structures (Figure 4.5), there would need to be relaxation of the protein into the locked
states to stabilize that state, but the protein must retain the ability to return the proton to the
position where the PLS can change its net charge. The transition from the locked, loaded MS 16
to any unloaded structure is 8 to 46 kcal/mol uphill. However, in the structures that favor the
locked MS 16 the shift in a proton to form the active MS 14 requires a smaller value 3.4±2.2
kcal/mol. This suggests the trapped MS 16 can return to the active MS 14 and then lose a proton.
The ∆∆G separating the locked unloaded MS 2 from the active unloaded MS 5 is 3.5±4.1
kcal/mol, so again a pathway of thermal activation to the active loading state followed by proton
bindings seems feasible.

The model of loaded and unloaded states was obtained by MC sampling with a classical force
field of all protonation states focusing on identifying the lowest energy states in a range of
structures. The key protonation states are quite similar to those found in an earlier analysis using
MD coupled with DFT and PMF calculations which focused on a pathway for proton transfers
on the P-side of the ba3 CcO [124]. There it was suggested that the PLS cluster starts from a
protonated Asp372, which is similar to MS 5 state here. Then PRAa3 gets the proton from
Asp372 (MS 2), coupling with the His376 rotation. Then a proton is loaded to Asp372 (MS 14),
PRAa3 passes a proton to His376 (MS 16), the trapped, loaded state here. Given the complexity
of the PLS, with many coupled residues it is interesting that two very different computational
approaches are converging to a similar picture of the PLS.
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4.5.6 Comparison of the ba3 and aa3 CcO
4.5.6.1 Proton loading site residues and behavior
A similar MCCE based study to identify the PLS region in the aa3 CcO showed proton binding
and release was mainly carried out by the propionic acid groups of heme a and heme a3 [17]. A
somewhat larger group of residues are calculated here to play a role in the PLS of ba3 CcO. This
includes the propionic acids (PRAa3 and PRDa3) of heme a3, as well as Asp372, His376,
Glu126B, and Asp287, that can change their ionization in any of the 136 analyzed structures.

The previous study of the aa3 CcO also showed some structures, like the 1M56 crystal structure,
showed active proton pumping along the redox state change of BNC, while other structures like
2GSM, were locked at unloaded state [17]. None of the limited group of structures was trapped
in the fixed loaded state. At the time those calculations were carried out, MCCE did not have the
capability to save and bin the protonation states of all of the microstates and determine their state
energies so it is unfortunately not possible to make a complete comparison with the earlier
simulations.

A long-standing question is why the ba3 CcO pumps fewer protons than the aa3 analog. The
source of the lower efficiency is not known. It may arise from weaker coupling between the
BNC and PLS so protons are not pumped on each of the four reduction steps or each step could
have a lower yield of pumped protons. Alternatively, it may be that wrong-way proton loading
from the P-side is blocked more effectively in A-type than in B-type CcO. It is suggested that it
may because of the lack of D channel and subunit III or because B-type CcO is more ancient in
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evolution compared to A-type CcO [139–141]. Here we find some redox states only partially
unload the protons, which may contribute to the low efficiency of ba3 CcO. In addition, as is
seen some structures do not contribute significantly to proton loading or unloading as they are
energetically locked in a loaded or unloaded state. Moreover, the propionic acids of heme a3 in
aa3 CcO holds most of protons [17] loaded while ba3 CcO PLS is more delocalized. So that the
reduction of BNC, which induces maximum proton loading on PLS, may have less impact on the
PLS cluster in ba3 CcO than in aa3 CcO, leading to less proton uptake in B-type CcO.

4.5.6.2 Conservation of PLS residues
The PLS in the ba3 and aa3 CcOs are both in a highly interconnected cluster in a similar location
in the structure [17,123]. The propionic acids of heme a or b and heme a3 are present in both the
Rb. sphaeroides aa3 CcO and the Thermus thermophilus ba3 CcO evaluated here. Two nearby
Arginine amino acids are found in both the ba3 and aa3 CcO PLS region (Arg481 and Arg482 in
aa3 CcO, Arg449 and Arg450 in ba3 CcO). These residues help produce the positive
electrostatic potential that supports the negative net charge of the PLS. Asp372 in ba3 CcO
corresponds to Asp407 in aa3 CcO. while His376 in ba3 CcO corresponds to Mg ligands His411
at aa3 CcO. Trp229 in ba3 CcO corresponds to Trp280 in aa3 CcO. However, other residues
including the proposed ba3 PLS residues Glu126B, and Asp287 are not conserved in the aa3
CcO.

The importance of the residues proposed as the PLS can be evaluated by the degree of
conservation and the sensitivity to mutation. The heme propionic acids (PRAa3 and PRDa3) must
always be present. His376 is 100% conserved, while Asp287 position is found in 64% of related
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sequence [102]. Asp372 is an Asp (31%) or Asn (67%). Glu126B is usually Met (89%) and
rarely Glu (3%).

Several site-directed mutations of nearby residues, including Asp372, His376, Tyr133, Asn377,
Glu126B, showed no significant loss on either catalytic or pumping activity [39]. However, the
specific mutations Asp327Ile and His376Asn abolished or diminished proton pumping while
retaining catalytic activity. The double mutants of T312V/D372V and T312V/H376F suggested
that T312 and H376 may be involved in the proton backflow system where protons are bound
from the P-side [39]. Asp287Asn shows both low respiratory and low proton pumping activities
[39]. Glu126B, is suggested to contribute proton pumping, but CcO activity is not sensitive to its
mutation and it is poorly conserved [39].
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4.6 Conclusions
Proton pumps must choreograph changes in proton affinity, proton accessibility to the two sides
of the membrane with the electron transfer and chemical proton delivery that underlie the
reaction cycle. Here we have investigated the proton transfer to the PLS in the B-type CcO.
The PLS proton transfers occur far from the active site so the information from the BNC must be
felt at long range. The reaction steps occur on the microseconds to millisecond time scale, so the
change in proton affinity that load or unload the PLS must last this long. In the work reported
here we show that changes in the reduction and protonation of the heme b and the BNC have a
direct impact on the free energy difference between the protonated and unprotonated PLS of ≈5
kcal/mol. This is sufficient to lead to close to 3.5 proton loading and unloading through the
reaction cycle, but this is only seen for a subset of structures where the free energy difference
between these states is in a narrow window. The active structures stabilize protons in the PLS:
with a proton on Asp372 and PRAa3 in the loaded states and on the Asp372 in the unloaded state.
However, for a working CcO small changes in PLS proton affinity need to be protected from too
easy proton loading/unloading. Thus, the range of integrated proton uptake of the proteins in
actively loading category 2 is uncomfortably sensitive to the exact energy difference between the
loaded and unloaded states (Figure 4.3).

The results show a method that the protein may use to lock down the loaded or unloaded states.
Thus, structures that have moved a proton in the loaded PLS proton from the PRAa3 to His376
leads to a structure that is locked in the loaded state; Likewise, a locked unloaded state can be
generated by moving the single proton from the Asp372 to the PRAa3. This is a plausible
mechanism with a transition between active and locked states to allowing the modest, long-range
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electrostatic changes from the BNC and heme b to lead to substantial and sufficiently stable
loading and unloading.

The MCCE analysis allowing protonation state sampling, combined with MD in different redox
states, enables us to probe the dynamic changes in proton pumping behavior of the PLS. MCCE
cannot keep the protonation and structure fully at equilibrium. Thus, MD is run with a single
charge state and then different structures are found to have different responses to change in heme
b and BNC. We do see that different input conditions lead the MD trajectories to relax into
structures that favor active or fixed loaded or unloaded forms. Thus, the structures that favor
different proton distributions have persistence as would be needed to stabilize the locked states
while keeping the active conformations accessible. The crystal structures are all firmly in the
locked loaded state.

The PLS structures that have a higher proton affinity are more compact, as there are hydrogens
bonds available amongst key residues as proton are added. Hydrogen bond between Asp372 and
PRAa3 prompts the proton hopping between PRAa3 and Asp372. The long distance between
His376 and PRAa3 or His376 and Glu126B enable PLS cluster to be active state to lose proton or
gain proton. Once the His376 is hydrogen-bonded with both PRAa3 and Glu126B, the PLS
cluster is completely locked at loaded state. Distance between Asp287 and His376 show a
correlation with the proton pumping behaviors of PLS cluster, with relative long distance ranging
from 5.5 Å to 11 Å. When the two residues are far apart, the PLS stays locked in the unloaded
state. As they come closer together the PLS becomes active, the protonation level of PLS
increases. When they are close, the PLS is fixed in the loaded state. Therefore, the Asp287-
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His376 pair may act as a switch in the P-side that opens when proton is loaded to the PLS and
close when proton is locked at PLS.
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CHAPTER FIVE
Conclusion
Cytochrome c Oxidase has been studied for decades. Three types of CcO from different
organisms have been found, and two are studied here. The work presented here adds to the
comparison of the A- and B-type proteins showing similarities and differences in the proton
pumping mechanism. The catalytic center in CcO consists of a high-spin heme, a copper ion, and
a cross-linked tyrosine. To prevent proton leakage to the N-side of the membrane, the CcO needs
controllable protons transfer pathways in both N- and P-sides. The proton loading site is midway serving as a transfer station to hold a proton transiently.

This thesis reports progress on several previously open questions. Here, the proton exit pathway
on the P-side of the A-type CcO is revealed by the results from hydrogen bond network analysis.
The hydrogen bond network provides all possible hydrogen bonds exits in CcO. In theory, a
proton should hop via polar residues or water molecules, and it requires hydrogen bonds for the
proton hopping. Therefore, the hydrogen bond network found over the whole protein provides an
overview for where the protons might go. Coupling the network analysis in different redox
states, provides a picture of how the proton transfer can change in different redox change. In the
A-type CcO network analysis, the exit pathway is found, which connects the highly hydrogen
bonded PLS cluster and to surface residues on the P-side of the protein. Moreover, its connection
with the PLS can be broken by drying a cavity between the PLS and the surface. This evidence
suggests that the cluster found here can perform as the proton exit pathway and can be controlled
by a water cavity. This is consistence with the model for what is needed to control a proton
pump, which needs pathways that can be opened and closed to stop protons moving from the P106

to the N-side of the membrane. This creative method of Monte Carlo based network analysis can
be applied to all proteins carrying out proton transfer.

The B-type CcO mainly live in low O2 so there is always less substrate for the reaction. B-type
CcO only pumps 2 protons instead of 4 in A-type CcO, which means that the proton transport
efficiency is only 50% of the A-type CcO. In this thesis, we try to analyze how the PLS proton
affinity in B-type CcO is affected in a redox cycle using MCCE simulation that imposes changes
in heme b and BNC redox and protonation state. The analysis started with many different
structures, obtained from MD snapshots and crystal structures. This reveals that the PLS can be
trapped in loaded or unloaded states while there are also states that can actively bind and release
a proton when the CcO goes through the reaction cycle. The analysis of all the investigated
structures, also shows that the integral proton binding or releasing of PLS on active pumping
state for a complete redox cycle has a maximum 3.5 but in an average of only 1.5. This may help
explain why B-type CcO only pumps 2 protons in redox cycle. This may provide a proton
pumping mechanism for low O2 concentration environment. In the MCCE simulation of the
protonation microstate in the PLS of B-type CcO, it is found that the active pumping unloading
state of PLS always have a proton on Asp372, while the active pumping loading state of PLS has
two protons on Asp372 and PRAa3, the propionic acid of hemea3, separately. In contrast, the
trapped, locked loaded state of PLS always have protons on Asp372 and His376. The active
pumping and locked loaded protonation state of the PLS were input into MD simulations.
Happily, the snapshots from the two MD trajectories perform as expected. The snapshots from
MD snapshots with protonated Asp372 and PRAa3 are able to release a proton to reach the state
with only one proton on Asp372 in MCCE simulation. And the snapshots from MD trajectories
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with protonated Asp372 and His376 are trapped in loaded state, as found for all the crystal
structures. Thus the new microstate analysis of Boltzmann distribution developed for this project
allows us to see how protons could move within the PLS to move the system between trapped
and active states. The trapped states can allow the system to hold the proton until the pathways
are connected in the right direction, while the active states can respond to the redox and
protonation reactions at heme b and the BNC.

Some questions still remain about CcO. How proton is delivered to the PLS while there is only
one proton pathway in in B-type CcO and two in A-type CcO? Is the exit pathway of B-type
CcO similar to A-type CcO? While the simulation suggested water cavities in CcO open and
close proton pathways, can experiments prove this? Hopefully, all these questions of CcO will be
answered by further effort in the future.
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